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SUMMARY 


This  puhlication  is  primarily  concerned  with  the  explosive  forming 
activity  in  industry  and  the  U.  S.  Array.  It  is  the  intent  of  this  pub¬ 
lication  to  familiarize  U.  S.  Army  Materiel  Command  personnel  with  the 
applications  and  limitations  of  the  explosive  forming  method. 

The  explosive  forming  method  can  be  most  effectively  utilized  where 
any  of  the  following  conditions  exist: 

1.  Common  or  unusual  configurations  which  are  difficult  or 
impossible  to  form  by  conventional  means  can  be  formed  in  one  piece  in¬ 
stead  of  costly  welded  subassemblies. 

2.  Where  the  tolerances  required  cannot  be  obtained  by  con¬ 
ventional  methods. 


3.  Where  many  conventional  forming  operations  can  be  combined 
into  a  single  explosive  forming  operation.  For  example,  a  part  cem  be 
fonied,  embossed,  and  holes  pierced  in  one  shot. 

The  advantages  of  explosive  forming  are: 

1.  There  is  virtually  no  limit  to  the  size  part  that  can  be 

formed, 

2.  Any  thickness  of  common  or  high  strength  metal  can  be 

formed. 

3.  The  capital  investment  is  low  because  expensive  machinery 
is  not  required. 


4.  Tooling  is  cheaper  than  conventional  tooling  for  small 
production  quantities  or  large  parts  because  only  a  female  die  heQ.f  is 
required. 


5. 

formed  parts. 


6. 


Surface  finish  is  better  as  compared  to  conventionally 
Explosives  are  a  low  cost  source  of  unlimited  forming 


pressures. 

7.  Close  tolerances  can  be  obtained  on  virtually  any  size 

part. 

8.  Heat  treatment  operations  for  some  parts  and/or  materleds 
are  reduced  or  even  eliminated. 


9.  Greater  uniformity  is  achieved  than  is  possible  by  con¬ 
ventional  fonnlng  methods. 


i 


10.  Mobilization  lead  time  is  less  than  conventional  and  moat 
noneonventlonal  forming  methods. 

11.  Part  may  be  formed  with  variable  section  thickness. 

The  bibliography  of  this  publication  lists  l6U  articles  and  recommends 
those  which  are  the  most  useful. 
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1.  Purpose ;  TO  familiarize  personnel  in  the  U.  S.  Army  Materiel 
Command  who  are  engaged  in  contractursd.,  procurement,  and  design  activ¬ 
ities  vlth  the  basic  concepts,  industrial  capacity,  and  applications  of 
the  explosive  (chemical)  method  of  forming  materials. 

2.  Scope ;  This  review  will  be  primarily  concerned  with  the  high 
explosive  method  of  forming,  as  the  low  explosive  (shotgun  shells,  etc. ) 
method  of  forming  is  being  replaced--for  the  most  part— by  the  electri¬ 
cal  discharge  and  magnetic  forming  methods. 

3.  Discussion; 


a.  History;  Prior  to  1900,  German  (l),  American  (2),  eind 
British  (l)  engineers  were  awarded  patents  for  explosive  forming  methods, 
but  the  technique  lay  dormant  until  about  195^  when  interest  in  it  re¬ 
vived.  The  advent  of  the  missile  age  with  its  large  and  complex  peurts, 
high  strength  materials,  close  tolerances,  and  relatively  low  production 
volumes  appears  to  have  provided  the  greatest  impetus  to  the  method, 
although  the  Moore  Co.  (3)  of  Meurceline,  Missouri,  was  one  of  the  first 
to  recognize  the  benefits  of  this  method  for  commercial  production  oper¬ 
ations.  Since  the  "rediscovery"  of  this  method,  it  has  passed  through 

a  period  of  much  overstatement  and  failure,  but  today  it  is  beginning 
to  be  re-established  as  a  useful  method  of  production. 

b.  General  Description;  The  process  is  generally  set  up  as 
shown  in  Figure  One,  when  a  liquid  transfer  media  is  used.  The  process 
equipment  is  simple,  consisting  mainly  of  a  liquid  containing  tank,  fe¬ 
male  die,  vacuum  pump,  and  an  explosive  with  some  means  of  detonation. 

Not  shown  in  Figure  One  is  a  lifting  device  needed  to  handle  the  die  and 
material.  The  liquid  sejrves  as  a  media  for  the  transferral  of  the  shock 
waves  (which  supply  the  major  portion  of  the  energy  (4))  and  gas  pres¬ 
sure  generated  by  the  detonation  of  the  explosive.  A  vacuum  pump  is  re¬ 
quired  to  evacuate  the  die  cavity  to  reduce  forming  resistance  and  to 
eliminate  the  burning  of  the  die  side  of  the  material  and  the  die.  This 
burning  is  a  result  of  the  excessive  temperatures  (as  high  as  10,  OOCPF 
(8))  generated  by  the  compression  of  the  gas  entrapped  in  the  die  cavity 
(4).  The  writer  has  encountered  cases  where  users  of  this  process  have 
had  to  draw  a  vacuum  of  29.5"  Hg  in  order  to  prevent  the  auto-ignition 
of  the  die  lubricant  which  occurred  at  higher  absolute  pressures.  This 
autp-ignition  can  create  springback  and  dents  in  the  part  being  formed. 

Figure  1.  Reprinted 
from  the  September, 
1961  issue  of  For¬ 
tune  Magazine  by 
Special  Permission; 
(C)  1961,  Time,  Inc. 


In  other  instances,  a  vent  hole  in  the  die  is  sufficient  to  prevent  this 
occurrence,  peurticularly  in  cases  where  tolerances  are  not  critical  aad/ 
or  the  draw  is  not  deep  (5). 

One  of  the  major  problems  associated  with  the  vacuum  requirement  is 
the  need  for  part-to-die  seals.  Much  work  has  been  done  in  this  area  and 
this  problem  can  now  be  largely  overcome  (6)  (7). 

The  selection  of  the  proper  explosive  depends  upon  the  particular 
application  being  considered.  Some  of  the  explosives  used  for  explosive 
forming  include  PETN,  RDX,  TNT,  nitroglycerine,  30^  ammonia  Gel,  cyclonite 
(5),  aerex  (patented  by  Aerojet-General),  and  Nitroguanadine  (lO)  with 
the  latter  explosive  used  almost  exclusively  in  the  direct  contact  method 
of  explosive  forming.  These  explosives  have  been  used  in  the  form  of  a 
powder,  sheets,  liquid,  cords,  pellets,  and  cylinders,  depending  upon  the 
needs  of  the  particular  application  (5).  In  general,  any  explosive  which 
is  homogeneous  and  can  be  handled  safely  can  be  used  for  forming  purposes 

(k). 


The  media  used  also  depends  upon  the  particular  application.  Table 
One  Illustrates  this  fact  (11 ).  For  example,  a  high  temperature  media  la 
used  to  form  tungsten  (12). 


ENERGY  TRANSFER  MItBIA  FOR  EXPLOSIVE  FORMING 


FORMING 

TB^IPERATURE  (  T) 

MEDIA 

H.T. 

1  K.T. ->M  1  >00-im  1  lOM'IlM  1  | 

WATCH 

X 

HUCCCH 

X 

X 

HVOHAUkIC  OICC 

X 

X 

X 

OCASC 

X 

X 

X 

CANO 

X 

X 

X 

MOCTCN  CAI-TC 

X 

X 

MOUTCN  Ai.UOVC 

X 

X 

AlH 

X 

X 

X 

X 

X 

X 

IMCHT  OAS 

X 

X 

X 

X 

X 

X 

Table  1.  Reprinted  by  special  permission  from  Research  and  Tech¬ 
nology  Division,  Air  Force  Materials  Laboratory,  Wright- Patterson  Air 
Force  Base,  Ohio,  from  Report  No.  ASD-TDR-63-7-871,  dated  July  1963- 


The  net  pressure  exerted  on  the  part  by  means  of  a  standoff  charge 
can  be  varied  from  several  thousand  to  several  hundred  thousand  pounds 
squeure  inch  by  changing  one  or  more  of  the  following  process  variables: 

1. 

Evacuation  of  the  die  cavity  (5) 

2. 

Type  of  charge 

3. 

Weight  of  charge 

k. 

Charge  geometry 

3>  Stand-off  distance 

6.  Transfer  medium 

7.  Pressure  confinement  (13) 

In  addition  to  the  above  variables,  the  actual  application  setup  will 
depend  upon  the  material  to  be  formed,  its  strength  and  thickness,  the 
part  configuration,  duration  and  rate  of  pressure  application,  and  die 
design  (5).  The  meuiner  in  which  the  above  variables  effect  material 
forming  is  demonstrated  by  the  contention  that  the  pressure  exerted  on 
the  part  varies  inversely  with  stand-off  distance  (l4)  and  directly  with 
the  one-third  power  of  the  weight  of  the  explosive  charge  (15 )>  when 
Using  a  water  media.  The  multiplicity  of  variables  Involved  in  any 
given  application  has  created  much  confusion  regeirding  the  usage  of  the 
method.  Obviously,  the  values  of  these  veurlables  for  a  steel  part  would 
not  apply  to  an  aluminum  part  because  of  the  differences  in  the  proper¬ 
ties  of  the  materials  (13 )• 

A  few  of  the  other  explosive  forming  techniques  used  are  depicted 
by  Figures  Two,  Three,  Four,  Five,  and  Six  below. 


Figure  2.  Courtesy  of  U.  S.  Naval  Ordnance  Test  Station 
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Figure  Tvo  (l6)  depicts  the  low  explosive  closed  split  die  tech¬ 
nique  which  has  been  used  priaorily  for  small  part  bulging  operations. 


Work  Piece 


Block  Powder  and  Squib 
Cavity 

—  Seol 


Top  Die  Holt 


Bottom  Die 
Half 

Water 


Figure  3.  Courtesy  of  U.  S.  Naval  Ordnance  Test  Station 
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Figure  4.  Courtesy  of  Pennagon  Press 


Figure  Four  (l8)  illustrates  the  use  of  an  explosive  forming  tech¬ 
nique  in  which  certain  parts  can  he  made  without  the  use  of  a  die  (l8). 
Although  its  usage  is  not  widespreeid,  it  is,  no  doubt,  of  great  economic 
value  In  the  forming  of  seme  part  configurations. 


r 

evnof ivK  I 


Figure  5»  Courtesy  of  GARDE 
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Figure  Five  (l8)  above  represents  a  technique  that  appears  to  have 
been  developed  by  the  Canadian  Armament  Research  and  Development  Estab¬ 
lishment  who  have  since  discontinued  all  explosive  forming  research  due 
to  the  press  of  other  duties  (19)*  However,  the  Explosiform  Corp.  of 
Park  Forest,  Illinois  has  continued  research  on  this  method  fpr  hemi¬ 
spherical  shapes  (20). 


Figure  6.  Re¬ 
printed  by 
special  per¬ 
mission  from 
THE  INDUSTRIAL 
PRESS  from  the 
article  "Ryan ' s 
Split-Second 
Explosive  Form¬ 
ing"  by  Charles 
C.  Herb  as  pub¬ 
lished  in  the 
July  1959 
issue  of 
MACHINERY. 

C  1959 


Figure  Six  (23)  above  is  an  example  of  the  use  of  high  explosives 
in  bulging  a  part  from  a  preform  utilizing  a  split  die  and  a  water  media. 
This  method  has  found  widespread  application. 

Other  variations,  not  shown  here,  have  also  been  developed  (Martin 
Company's  plug  cushion  and  sandwiching  techniques)  to  solve  specific 
forming  problems  (21). 

A  general  outline  of  the  explosive  foiming  operation  sequence  is 
as  follows  (22): 

1.  Clean,  then  lubricate  die. 

2.  Install  blank. 

3.  Draw  vacuum  (not  required  for  dieless  'or  vented  die"  tech¬ 
niques  ). 

4.  Position  charge. 

5.  Lower  die  into  liquid  media  (not  required  for  open  air  or 
cldsed  die  technique). 


6.  Detonate  charge. 

7.  Pull  die  out  of  liquid  media  (if  used),  and  inspect  results. 

As  noted  above,  some  of  these  operations  can  be  eliminated  depending  upon 
the  particular  explosive  forming  technique  being  implemented. 

One  of  the  first  reactions  to  explosive  forming  is  that  its  use 
would  create  a  severe  sound  level  problem.  This  is  not  necessarily  true 
if  the  explosive  is  detonated  well  below  the  surface  of  the  water  media. 

A  report  made  by  Lockheed  to  the  U.  S.  Air  Force  states  that  "The  sound 
level  generated  during  an  explosive  forming  cycle  when  a  heavy  charge  is 
detonated  under  water  in  the  13-foot  diameter  forming  tank,  with  the  air 
curtain  functioning,  will  not  approach  that  of  standard  drop  hammer  equip¬ 
ment"  (6).  Open-air  shots,  however,  are  excessively  noisy. 

The  "air  curtain"  mentioned  above  is  a  technique  used  to  attenuate 
the  explosive  shock  effects  on  the  walls  of  the  liquid  container  of  per¬ 
manent  facilities  and  is  created  by  means  of  a  perforated  air  hose  which 
is  coaled  around  and  away  from  the  die  and  part  (6). 

c.  Tooling ;  The  proper  die  material  depends  upon  such  vari¬ 
ables  as  the  part  configuration,  quantity  of  parts  to  be  produced,  toler¬ 
ances  required,  material  to  be  formed,  and  the  quantity  of  explosive  and 
standoff  distance  used  (6).  Table  Two  below  lists  the  general  recommen¬ 
dations  for  die  materials  on  drawn  parts  as  determined  in  a  study  for  the 
U.  S.  Air  Force  (6).  This  same  report  recommends  east  steel  for  dies 
used  on  expanding  and/or  sizing  operations  (6). 


Total 

Quantity 

Fty  of  Katerial  to  be 

formed  (r  103) 

of  Parts 

10  -  30 

31  -  60 

6l  and  up 

1-10 

Epoxy 

Kirksite 

Cast  Steel 

10  -  20 

Kirksite 

Kirksite 

Cast  Steel 

20  -  100 

Kirksite 

Cast  Steel 

Cast  Steel 

Table  2 


Courtesy  of  U.  S.  Air  Force 
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MATERIALS  FOR  ECONOMICAL  FORMING  DIES 


eUANTITV 

OF 

PARTS 


YIELD  STRENGTH  OF  MATERIAL  TO  BE  FORMED 
(  K.S.I. ) 


l-IO 

A 

• 

c 

O 

t»-IOO 

■ 

C 

D 

O 

100-900 

C 

O 

O 

B 

•O^UP 

0 

__P 

B 

• 

A  -  PI.ASTIC  ANO  PLASTIC  PACCO 
a  .  KIRKSITC, 

e  -  ■OILKfl  PLATS  OA  CAST  STCSL 
O  •  ALLOT  OTCCL  (4IMc  4MS»  KT04 
C  -  TOOL  STCKL  (H«lO 


Table  3*  Reprinted  by  special  permission  from  Research  and  Technology 
Division,  Air  Force  Materials  Laboratory,  Wright- Patterson  Air  Force  Base, 
Ohio,  from  Report  No.  AS D-TDR-6 3-7-871,  dated  July  1^63. 


Table  Three  (ll)  above  is  another  set  of  general  recommendations 
arising  from  another  study  made  for  the  U.  S.  Air  Force. 

Other  general  guidelines  drawn  by  Martin-Denver  are  as  follows  (24): 

Ductile  Cast  Iron:  Good  for  high  pressures  and  frequent  use. 
Excellent  for  aluminum  alloys. 

Kirks ite ;  Should  be  used  for  small  number  of  parts  requiring 
low  explosive  pressures. 

Concrete :  Restricted  to  a  small  number  of  parts  and  used  mainly 
for  large  parts  due  to  cost  savings  in  die  construction. 

Fiberglas  and  Concrete;  Restricted  to  a  small  number  of  parts 
requiring  low  pressures.  Used  mainly  for  large  parts  for  economic  reasons. 
Fiberglas  will  separate  from  concrete  with  repeated  usage. 

Epoxy  and  Concrete;  Similar  to  fiberglas  and  concrete. 

Fiberglas  and  Klrksite;  Also  restricted  to  a  small  number  of 
parts  requiring  low  explosive  pressures. 

Ryan  Aeronautical  Company  has  expressed  the  following  opinions  re¬ 
garding  die  materials  (25): 

1.  There  is  no  substitute  for  steel  (wrought  or  cast)  for  long 
part  runs.  Mid  steel  is  useable  in  many  cases. 

2.  Kirksite  will  probably  do  an  excellent  job  on  limited  pro¬ 
duction  of  light  gauge  aluminum  alloy  parts. 


3.  Epoxy  will  do  a  fair  job  if  only  one  or  two  peirts  are  re¬ 
quired. 

4,  Concrete,  plaster,  fiberglas,  etc.,  will  produce  nothing 
but  trouble. 


DuPont  (15)  advanced  the  advice  that  "low  strength" 
dies  should  only  be  used  for  short  runs  and  parts  not  requiring  critical 
toleremces.  He  also  cited  DuPont's  poor  experience  with  cast  materials 
because  of  casting  defects  and  stated  that  wrought  materials  should  be 
used.  The  general  design  parameter  which  he  felt  could  be  applied  to 
die  design  is  that  the  die  material  should  have  a  higher  yield  strength 
than  the  part  being  formed. 

Additional  comments  regarding  die  design  include  the  use  of  pres¬ 
sure  plates  to  eliminate  wrinkles  (l4),  the  lack  of  a  need  for  "stage" 
dies  for  explosive  forming  (26),  the  possibility  of  breaking  dies  by 
poor  design  (27),  and  the  need  for  die  face  finishes  of  60  microinch 
for  as-formed  finished  parts  (28). 

Specific  examples  of  die  material  usage  which  have  been  cited  are: 
150  nosecones  produced  on  epoxy-faced  die  without  wear  and  other  plastic 
usage  examples  (29),  steel  dies  cast  of  ASTMA-216  which  were  not  porous 
and  did  not  become  oversized  (30),  failure  of  fiberglas-faced  die  in 
forming  aluminum  bulkheads  (3l)>  and  the  use  of  a  combination  steel  and 
kirksite  die  to  produce  30  bulged  parts  to  a  /  O.O30"  tolerance  on  the 
diameter  (22). 


Dies  for  sizing  operations  are  more  critical  in  a  design  sense  be- 
icause  more  of  the  explosive  energy  is  transferred  to  the  die.  This  is 
due  to  the  low  deformation  of  the  part  and  the  intimate  contact  of  the 
part  with  the  die.  These  two  conditions  cause  more  of  the  energy  to  be 
treuisferred  to  the  die  with  the  resultantly  higher  possibility  of  die 
breakage  or  distortion. 

In  summary,  the  success  of  the  die  materials  used  will  depend  a 
great  deal  upon  the  general  explosive  forming  knowledge  of  the  personnel 
conducting  the  operations,  since  a  die  is  designed  for  an  expected  pres¬ 
sure  and  may  be  broken  or  unnecessarily  distorted  if  the  actual  pres¬ 
sure  exerted  during  forming  operations  is  greater.  Further  references 
regarding  tooling  are  cited  in  the  "additional  literature"  section  of 
the  bibliography. 

d.  Tolerance  Capabilities;  As  stated  in  the  tooling  section, 
the  tolerance  obtainable  by  explosive  forming  is  a  function  of  the  die 
design,  vacuum  drawn,  part  size  and  configuration,  explosive  size  and 
standoff  distance,  etc.  One  innovation  used  to  improve  tolerances  is 
the  placement  of  a  rubber  or  plastic  mat  on  top  of  the  part  to  increase 
the  duration  of  the  application  of  force  (32). 
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In  general,  there  are  not  many  instances  where  the  explosive  forming 
technique  cannot  equal--or  better— tolerances  obtainable  with  conventional 
forming  methods  (32).  Tolerances  of  £  .001"  have  been  reported  but,  nor¬ 
mally,  working  tolerances  are  on  the  order  of  £  .010"  (32).  Material 
thickness  tolerances  reportedly  can  be  held  to  £  .004'’  (33)»  One  company 
has  indicated  tolerance  capabilities  as  shown  in  Table  Four  below.  It 
can  be  readily  seen  that  the  size  and  shape  of  the  part  affects  the  toler¬ 
ance  capability  of  this  technique. 
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GENERAL  TOLERANCES 
Part  Maximum  Dimension-Inches 


Mold  Line 
Location 


Up  to  12 «0 

i  .002" 


13*0  to  24.0 
-  .0014*' 

i  .002 

~  .OOh 

i  .015 


25.0  to  120,0 

.010" 

*  ,008 

~  .010 

t  .030 


12QP  to  360,0 
.030" 

-.015 

i.020 

i.060 


Radius  of  Bulge  t  .ool 
on  Sized  Cylinder 

Radius  of  Dome  on  -  ,  002 
Hemispherical  Shape 

General  Sh.  Met,  Tol.i  .005 
For  Complex  Shapes 


Table  4.  Courtesy  of  Lockheed-California  Company 


TOLERANCES  OBTAINABLE  WITH 
EXPLOSIVE  FORMING  IN  THE 
FABRICATION  OF  MISSILE  DO.MES 


DIMENSION 

TOLERANCE 

Normal 

Po  s  s  1  ble 

Dianieter 

+ 

.10" 

+ 

.  005" 

Contour 

+ 

.  020" 

+ 

.  010" 

Thickness 

+ 

.  004"i‘ 

.oo2'»a« 

♦Surface  Preparation  Required 
Table  5.  Courtesy  of  JANAF-AR’-’A-NASA 
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Another  com],  any 's  experience  with  tolereinces  on  AMS6U34-  5^"  diameter 
missile  domes  which  were  .125"  thick  and  had  an  elliptical  cross  section 
of  eccentricity  1.6  is  given  in  Table  Five.  As  can  be  seen  from  this  Table, 
part  surface  preparation  is  required  to  obtain  the  tight  tolerances  on 
material  thickness. 

As  an  indication  of  the  tolerance  capabilities  of  this  technique, 
some  of  the  specific  part  tolerances  obtained  have  been:  31  out  of  37  U* 

S.  Army  missile  skins  were  accepted  on  the  basis  of  a  2^  .01"  tolerance  on 
contour  (28),  a  "hub  cap"  type  part  formed  to  ■!_  .007"  on  contour  (25),  a 
radar  reflector  formed  to  ^  .01"  tolerance  on  the  contour  (25),  70"  di¬ 
ameter  5086  aluminum  hemispheres  held  to  .008"  tolerance  (3^)  and  42" 
diameter  missile  domes  held  to  /  .02"  on  the  diameter,  thickness  to  .01" 
a,nd  contour  tolerance  held  to  /^.  025".  One  manufacturer  has  recommended 
that  the  aluminum  hemispheres  it  produces  by  explosive  forming  should  have 
a  minimum  tolerance  of  ^  .004"  on  wall  thickness  and  .002"  on  stainless 
steel  hemisphere  wall  thickness  (35). 

In  summary,  it  appears  that  this  forming  method  would  lend  itself  to 
formed  parts  which  must  be  joined  by  welding  since  the  relatively  close 
tolerance  capability  would  prevent  some  of  the  current  mismatching  prob¬ 
lems  encoiintered  by  parts  formed  conventionally  and  welded.  This  method 
would  become  even  more  applicable  to  this  type  of  operation  if  the  parts 
are  relatively  large. 

e.  Material  Reaction  and  Mechanical  Properties:  Much  contro¬ 
versy  has  arisen  over  the  years  in  regard  to  the  manner  in  which  materials 
react  during  forming  and  a  material's  reaction  to  forming.  This  contro¬ 
versy  is  a  direct  result  of  individuals  dealing  in  generalities.  Normal¬ 
ly,  dlscrepauicies  in  material  data  can  be  traced  to  different  test  or 
measurement  methods  and  general  statements  which  are  not  specifically  as¬ 
sociated  with  a  particular  material. 

An  example  of  the  measurement  problem  is  the  effect  of  the  critical 
impact  velocity  on  the  amount  the  material  can  be  deformed.  The  critical 
impact  velocity  is  that  velocity  of  metal  movement  beyond  which  the  mate¬ 
rial  becomes  brittle  and  exhibits  decreased  formability  (13)*  Martin  (24) 
cites  a  Ling-Temco-Vought  study  as  stating  that  even  within  a  given  mate¬ 
rial,  elongation  becomes  a  function  of  the  velocity  at  which  forming  takes 
place.  Low- to -mode rate  forming  speeds  cause  elongation  to  be  unchemged 
from  values  resulting  from  static  tests.  Forming  speeds  above  the  mate¬ 
rial's  critical-impact-velocity  cause  a  rapid  decline  in  the  highest  elon^ 
gation  possible,  and  a  short  range  of  forming  velocities  just  below  the 
critical-impact-velocity  result  in  elongations  appreciably  greater  than 
the  static  values.  The  main  difficulty  here  is  establishing  the  various 
forming  velocity  ranges  for  a  given  material  so  as  to  maximize  the  elonga¬ 
tion  by  varying  process  parameters.  Accordingly,  the  velocity  of  forming 
or  the  specific  parameters  used  must  be  stated  for  the  corresponding  elon¬ 
gation  being  cited  before  the  elongation  results  can  be  ccxnpletely  useful 
to  other  users. 
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TABLE  6.  Critical  Inpaot  Vtilocitieo  and  Associated 
Critical  Normal  Pruccure  Rtresses 
(After  Rlnetiart  and  Pearson,  Ref.  8) 


Critical  Inpact 

AnGociatc’cl  1 

Katorial 

Veioctty> 

Fracture  Si 

(ft/sec) 

(psi) 

24S-TI»  Aluminum 

202 

1»)0,0C'0 

DraGS 

216 

310,000 

Copp-^r 

264 

410,000 

1020  Steel 

84 

160,000 

U130  Steel. 

235 

440,000 

Table  6.  Courtesy  of  U.  S.  Naval  Ordnance  Test  Station 

Table  Six  above  cites  the  critical  impact  velocities  for  a  few  ma¬ 
terials  . 

Another  point  of  contention  which  most  users  agree  upon  now  is  that 
the  material  behaves  plastically  when  high  forming  velocities  are  applied 

(13). 


Requirements  for  larger  and  larger  parts  have  resulted  in  the  need 
for  welded  blanks  because  raw  material  of  any  type  is  limited  in  size.  A 
general  rule  for  handling  a  situation  of  this  type  is  to  place  the  veld  in 
such  a  position  that  the  required  plastic  strain  is  held  to  a  minimum. 

This  is  the  result  of  the  decreased  ductility  of  the  veld  zone  (50). 

A  few  specifics  on  material  reaction  to  forming  which  have  been  cited! 
are:  high  raangeinese  and  high  nickel  steel  alloys  experienced  increased 
ductility  when  strained  rapidly  (l),  l8-8  stainless  steel  demonstrating 
reduced  corrosion  resistance  (36),  domes  of  5086  aluminum  maintaining  a 
yield  strength  of  30,000  psi  (3^),  domes  of  AM355  stainless  steel  having 
a  yield  strength  of  230,000  psi  (3^),  increased  formability  of  four  per¬ 
cent  for  A-286  and  77  percent  for  17-7  PH  stainless  (37),  titanium  alloys 
requiring  elevated  temperatures  to  facilitate  formability  (38),  austenitic 
and  precipitation  hardening  stainless  steels  exhibiting  increased  elonga¬ 
tion  (38),  aluminum  alloys  readily  formed  (38),  5086-H3^  Diamond  I^ramid 
Hardness  values  increasing  from  93  DPH  to  105  DPH  (39)^  varying  degrees 
of  cold  work  experienced  by  zircaloy-2  (40),  and  one  piece  explosively 
formed  20l4  aluminum  dome  exceeding  welded  assembly  dome  strength  (4l). 

Table  Eight  below  lists  the  relative  formability  of  alloys  by  ex¬ 
plosives.  These  formability  figures  give  some  indication  of  the  rela¬ 
tive  size  of  the  explosive  charge  required  to  form  a  peurt  when  different 
alloys  are  used. 
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Table  8 

Aluminum  ( 1 )  00-0) 
Tantalum 
Copper 

Reprinted  by  special 

1010  Steel 
Aluminum  (6061  T6) 

permission  from  AMER¬ 

Mo.M  CB  Stoinleit 
VsKojet  1000 

ICAN  SOCIETY  FOR  MET¬ 

Type  321 

ALS  from  the  article 

Type  347 
Inconel  X' 

"How  to  Design  for 

Rerve  41 

PH  IS-7MO 

Explosive  Forming"  by 

Hoitelley  X 

Vernon  H.  Monteil  as 

4IMSlMl(Nermoliiad) 
A  Ai.4  V  TiioMwml 

published  in  the 

August  1961  issue  of 

METAL  PROGRESS.  C  I96I 

Typt  Ml  (PuKHarA)! 

t 


«*■ 


Metal  or  alloy  Kjj 

Nickel . 1.0 

Stainless  steel  .  1.1 

Titanium . 1.5 

Plain  carton  steels . 2.3 

Aluminum . 2.5 


Table  9.  Courtesy  of  ASME 


Table  Nine  above  is  the  result  of  tests  conducted  by  eui  early  explo¬ 
sive  forming  experimenting  firm.  here  indicates  the  amount  of  elonga¬ 
tion  experienced  by  a  particular  metal  with  explosive  forming  as  compared 
to  conventional  methods.  The  medium  used  was  water  and  the  part  tempera¬ 
ture  was  ambient.  This  data  must  be  used  carefully  if  credence  is  given 
to  Llng-Temco- Vought ' 8  critical-impact- velocity  proposition  cited  earlier. 


Ih 


4130  St6el  -  steel  •orkliordened  »itli  eight  layer*  at  e«pla»i*e 


on  1 _ L_ - 1 - i - 1 - J - ,  I  I 

‘^^0  5  10  15  20  25  30  35 

Elonqotion  (%) 


Workhordening  effect  of  various  size  charges  on  steel  plates 


Fiijure  ?.  Reprinted 
by  special  permis¬ 
sion  from  McGRAW- 
HILL  PUBLISHING 
COMPANY,  INC.,  from  i 
the  article  "V/hat  | 
Happens  to  Explo¬ 
sively  V/orked  Ma¬ 
terials”  by  John 
Pearson  and  George 
A.  Hayes  as  published 
in  the  l6  October 
1961  issue  of  AMER- 
ICAN  MACHINIST? 
METALWORKING  MANU¬ 
FACTURING.  c  1961 


The  above  figure  illustrates  the  results  of  a  study  conducted  by 
the  Nsved  Ordnance  Test  Station  at  China  Leike. 
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Note  Strength  of  Forged  Door 


ALLOY  7075 

YIELD 

STRENGTH,  psi 

TENSILE 
STRENGTH,  pel 

ELONGATION,  pet 

As  forged  (ambient) 

45,200 

51 ^600 

4.0 

As  forged  «.at  500  T; 

28,500 

37,100 

10.0 

After  heat  treat  (ambient) 

73,000 

81,200 

12.0 

After  heat  treat  (500  °Fj 

70,300 

78,600 

10.0 

NOTE:  Parts  were  erroneously  heat  treated  for  alloy  2014. 


Table  10.  Re¬ 
printed  by  spe¬ 
cial  permission 
from  CHILTON 
COMPANY  from  the 
article  "Explo¬ 
sive  Forms  Alum¬ 
inum  Door"  as 
published  in  the 
22  September 
i960  issue  of 
THE  IRON  AGE. 

C  19b6 


Table  Ten  illustrates  the  results  of  explosive  forming  a  7075-0 
aluminum  door.  It  should  be  noted  that  the  physical  properties  cited 
ire  better  than  those  which  can  be  obtained  by  conventional  forming. 

The  following  pictures  are  of  parts  formed  by  low  explosive,  closed 
die  methods.  The  corporation  operational  division  which  formed  these 
parts  is  no  longer  in  operation.  They  are  presented  here  only  to  indi¬ 
cate  the  property  changes  experienced  by  the  materials  used  in  these 
parts . 

In  summary,  the  mechanical  property  changes  resulting  from  ex¬ 
plosive  forming  a  material  are  a  function  of  the  particular  material 
and  the  part  being  formed.  This  is  no  different  from  any  other  form¬ 
ing  process.  While  the  final  properties  achieved  as  a  result  of  form¬ 
ing  explosively  may  be  different  from  those  achieved  by  forming  con¬ 
ventionally,  no  sweeping  general  statement  can  be  made  which  will  not 
encounter  exceptions. 

The  amount  of  elongation  experienced  by  a  material  is  considerably 
more  difficult  to  determine  and,  therefore,  it  is  even  more  difficult 
to  make  gene reG.i zed  statements  about. 
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SOUND  SUmiSSOR  TUM  (SMALL)  FOR  BOlING  707  (120) 


Material:  Type  321  Stainless  Steel 


Formed  Part 


Dimension  Specifications 


A  3.55  ±  .010"  I.D. 

B  3.41  ±  .010"  I.D. 

C  4.00  ±  .030"  O.D. 


Preformed  Part:  Formed  by  (1)  shearing  blank, 
(2)  rolling  preform,  (3)  welding  preform,  and 
(4)  planishing  weld 

3.46  +  .030"  O.  D. 

19.875  +  .125"  Length 
.025*  Gage  Thickness 


Dimensions  After  Forming  (From  25  Parts) 


Liic/iliim 

Amagf 

Maximum 

Minimum 

A  (I.  D.) 

3.553" 

3.560" 

3.544" 

B  (I.  D.) 

3.418 

3.423 

3.410 

C  (O.  D.) 

3.984 

3.990 

3.978 

Annealed  Condition 

Tensile  Strength:  84,500  to  86,000  psi 
Yield  Strength:  26,000  to  27,500  psi 

Elongation  in  2":  46  to  48% 

Rockwell  “B”  Hardness:  71  to  73 


Area 

Tenstlt 

Strength 

Yield 

Strength 

Percent 

Elongation 

Rockwell  “B” 
Hardness 

X 

95,000  psi 

46,000  psi 

43 

86 

Y 

99,000 

56,000 

37 

91 

Z 

110,000 

73,000 

25 

96 

Gage  in  Area  of  Maximum  Bulging 


Aoaage 

Maximum 

Minimum 

.021’ 

.023" 

.017* 

Properties 


Figure  8.  Reprinted  by  special  permission  from  OLIN  MATHIESON  GHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Forming". 
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SOUND  SUrraiSSOR  TUSE  (large)  for  BOEING  707  (120) 


Materul:  Type  321  Stainless  Steel 


Formed  Part 


Dimension  Specifications 

A  nf,2  ±  .010"  I.D. 

B  .5.41  ±  .010"  I.D. 

C  6.25  ±  .030"  O.D. 


Preformed  Part:  Formed  by  (1)  shearini;  blank, 
(2)  rolling  preform,  (3)  welding  perforin,  and 
(4)  planishing  weld 

5.25  ±  .030"  O.  D. 

31.00  +  .125"  Length 
.030"  Gage  Thickness 


Dimensions  After  Forming  (From  25  Parts) 


I.nrnlii'n 

.-Ueragf 

Maximum 

Minimum 

A  (I.  D.) 

5.613" 

5.622" 

5.606" 

B(I.D.) 

5.407 

5.422 

5.399 

C  (O.  D.) 

6.227 

6.260 

6.200 

Annealed  Condition 

Tensile  Strength;  01), KM)  to  02,.500  psi 
Yield  Strength;  .JO, 'Mil)  to  32,.')00  psi 
Elongation  in  2":  40..')  to  4f(('o 

KockwcU  B”  Hardness:  70  to  79 


Gage  in  Area  of  Maximum  Bulging 


Average 

Maximum 

Minimum 

.028" 

.029" 

.025" 

Properties 


Area 

'Tfnsilf 

Strrngth 

Yield 

Strength 

Percent 

Elongation 

Eockwell  "B" 
Hardness 

X 

95,500  psi 

48,700  psi 

37.8 

86 

V 

113,500 

78,800 

23.0 

98 

z 

111,900 

79,900 

19.0 

97 

Figure  9.  Reprinted  by  special  pennission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEEi)  Hetaa  Fbnning". 
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■XNRIMINTAL  HOLLOW  CYLINOIR 

Material:  1020  Steel 


Unformed  Cylinder 


Unformed  Hollow  Cylinder 
Contained  A  WcM. 


Formed  Cylinder 


Average  Dimeniiont  After  Forming 


Location 

0.  D. 

A&  A’ 

7.270" 

B&  B’ 

7.%9" 

C 

8.385' 

Average  O.  D . 

.  6.656' 

Wall  Thinning 

Length . 

.  .  .  .  .  6.000" 

Wall  Thickneii . 

. . 296" 

Average 

Average 

Location 

Gage  Before 

Gage  After 

Thinning 

Length 

A&  A’ 

.296" 

.278" 

.018' 

Average  Length  Before 

. 6.00" 

B&  B’ 

.296" 

.258" 

.038" 

Average  Length  After  .  . 
Average  Length  Decrcaee 

. 5.42" 

. 0.58" 

C 

.296" 

.246' 

.050' 

MetaOurgical  Propertiea 

Tensile 

Yield 

Percent 

Rockwell  "B” 

Location 

Strength 

Strength 

Elongation 

Hardness 

ORIGINAL 

55,000  psi 

32,000  psi 

29.0 

62 

A  &  A’ 

59,000 

38,500 

23.5 

67 

B&  B’ 

62,500 

44,500 

19.0 

73 

C 

71,000 

56,500 

9.0 

84 

Figure  10.  Reprinted  by  special  permission  from  OLIN  MATHIESON  CHEa<ICAL 
CORPORATION,  WIITCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Fbrming". 
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IXPniMINTAL  SOUND  SUPPRESSOR 


Material:  4130  Steel 


Preformed  Part:  Foniiocl  l)y  (1 )  shearini;  blank, 
(2)  rollint!  proforni,  (3)  wclclinij  preform  and 
(4)  planishing  uclcl 

3.4')0''  -  ,040"  O.  D. 

1 1  1 70"  -  .07)0"  Lcnttth 
oj'i  Wall  Thickness 


Dimension  Specifications 

A  3.460"  ±  .010"  O.D. 

B  3.752"  ±  .010"  O.D. 

C  4.044"  ±  .030"  O.D. 


Tensile  Strength  :72,300  psi 
Yield  Strength;  l.i.HoO  p,i 


Wall  Thinning 


Elongation  in  2";  J4  >' ; 
Rockwell  “B”  Hardness;  75 

3 

Area 

Average 

Cage  Before 

Average 
Gage  After 

Thinning 

Length 

X 

.025" 

.023" 

.002" 

Average  Length  Preform 

.  .  1 

1.147" 

Y 

.025" 

.021" 

.004" 

Average  Length  Formed  Part  .  .  .  1 

0)652" 

z 

,025" 

.020" 

.005" 

Average  Length  Decrease  . 

...  0.495" 

Metallurgical  Properties 

'  Tfnsile 

Yield 

Percent 

Rockwell  "  B" 

Area 

Strength 

Strength 

Elongation 

Hardness 

X 

69,250  psi 

43,700  pvi 

23.0 

75.0 

V 

76,450 

59,700 

13.0 

84.6 

z 

83,600 

74,850 

8.0 

98.1 

figure  11.  Reprinted  by  special  permission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Fonning". 
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IXNRIMINTAL  SOUND  SUPPRISSOR 


Material:  AM  350  Stainless  Steel 


Preformed  Part:  Formed  t)y  (I)  shearing  blank, 
(2)  rolling  preform,  (3)  welding  preform,  and 
(4)  planishing  weld 

3.450"  -  040"  O  D. 

1 1 . 1 70"  -  .050"  Length 
Ol.'iS"  Wall  Thickness 


Dimension  Specifications 

A  3.460"  ±  .010"  O.D. 

B  3.752"  ±  .010"  O.D. 

C  4.044"  ±  .030"  O.D. 


Tensile  Strength:  131,000  psi 

Yield  Strength:  58,400  psi 

Elongation  in  2":  21.0^ 

Rockwell  “B”  Hardness:  96.0 

Wall  Thinning 

Area 

Average 

Gage  Before 

Average 
Gage  After 

Thinning 

Length 

X 

.0158" 

.0135" 

.0023" 

Average  Length  Preform  . 

.  .  .  .  11.1385" 

Y 

.0158" 

.0130" 

.0028" 

Average  Length  Formed 

.  .  .  .  10:6878" 

z 

.0158" 

.0125' 

.0033' 

Average  Length  Decrease 

.  .  .4507" 

Metallurgical  Properties 

Tensile 

Yield 

Percent 

Rockwell  “B” 

Area 

Strength 

Strength 

Elongation 

Hardness 

X 

132,300  psi 

56,600  psi 

20.9 

94.5 

Y 

163,800 

71,750 

16,1 

99.3 

Z 

178,000 

96,400 

10.9 

106.0 

Figure  12.  Reprinted  by  special  penniBsion  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Fbnnlng". 
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IXNRIMINTAL  SOUND  SUPPRESSOR 


Material:  Comm.  Pure  Titanium 


Preparation  of  Preform:  ForinccI  by  (1) 
shearini;  blank,  (2)  rollim!  preform,  (3)  welding 
preform  and  (4)  planishing  weld 

3.430"  -  .040"  O.  D. 

1 1 . 1 70"  -  .050"  I^cngth 
023"  VV.ill  Thickness 


Formed  Part 


Dimension  Specifications 

A  3.460"  ±  .010"  O.D. 

B  3.752"  ±  .010"  O.D. 

C  4.044"  ±  .030"  O.D. 


Tensile  Strength:  7'l,80()  psi 
Yield  Strength:  46,500  p.si 
Percent  Elongation  in  2":  24.75 
Rockwell  “B”  Hardness:  88 


Length 

Average  Length  Preform  . 11.161" 

Average  Length  Formed  Part  .  .  .  10.607" 
Average  Length  Decrease .  0.554" 


Wall  Thinning 


.•Irrn 

Averagr 

Cagf  Before 

Average 

Gage  After 

Thinning 

X 

.023" 

.0225" 

.0005" 

5’ 

.023" 

.0212" 

.0018" 

7. 

.023* 

.0204" 

.0026* 

Metallurgical  Properties 


Area 

Tensile 

■Strength 

Yield 

Strength 

Percent 

Elongation 

Rockwell  “B" 
Hardness 

X 

80,100  psi 

48,350  psi 

24.5 

89.0 

Y 

83,300 

59,750 

17.5 

90.6 

Z 

88,950 

73,350 

13.5 

94.0 

Figure  13.  Reprinted  by  special  permission  from  OLIN  MATHEESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
’’SUPER  SPEED  Metal  Fbnning". 


IXNRIMINTAL  SOUND  SUPPRESSOR 


Material:  N-133  Stainless  Steel 


Preparation  of  Preform:  Formed  by  (I)  shear¬ 
ing  blank,  (2)  rolling  preform,  (3)  welding 
preform  and  (4)  plani^hing  weld 

3.450"  -  .040"  O.D. 

11.170"  -  .().)0"  Length 
,017.'i"  Wall  Thiekness 

Tensile  Strength:  127,900  psi 
Yield  Strength:  t)0,B00  p^i 
Elongation  in  2":  41.0'^. 

Rockwell  “B”  Hardness:  ‘U  8 

Length 

Average  Length  Preform . 11.405" 

Average  Length  Formed  Part  .  .  .  10.6373" 
Average  Length  Decrease . 7'675" 


Dimension  Specifications 

A  3.460"  ±  .010"  O.D. 

B  3.752"  ±  .010*  O.D. 

C  4.044*  ±  .030*  O.D. 


Wall  Thinning 


Average 

Area 

Average 

Gage  Before 

Average 

Cage  After 

Thinning 

X 

.0175" 

.016* 

.0015* 

Y 

.0175* 

.0147* 

.0028* 

7. 

.0175* 

.0135* 

.0040* 

Metallurgical  Properties 


Area 

Tensile 

Strength 

Yield 

Strength 

Percent 

Elongation 

Rockwell  "B" 
Hardness 

X 

122,000  psi 

56,650  psi 

27.0 

93 

Y 

139,000 

85,600 

19.8 

98 

Z 

139,200 

85,400 

18.7 

99 

Figure  l4.  Reprinted  by  special  permission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Forming" . 
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f.  Advantages  and  Disadvantages; 

Advantages  which  have  been  cited  for  this  process  are: 

1.  There  is  virtually  no  limit  to  the  size  part  that  can 
be  formed  (42). 

2.  Any  thickness  of  common  or  high  strength  metal  ceui  be 
formed  (42). 

3.  The  capiteLL  investment  is  low  because  expensive  machin¬ 
ery  is  not  required  (42). 

4.  Tooling  is  cheaper  than  conventional  tooling  for  small 
production  quantities,  or  large  parts  because  only  a 
female  die  half  is  required  (42). 

5.  Surface  finish  is  better  as  compared  to  conventionally 
formed  parts  (42). 

6.  Explosives  are  a  low  cost  source  of  unlimited  forming 
pressures  (42). 

7.  Common  or  unusual  configurations  which  are  difficult 
or  impossible  to  fonn  by  conventional  means  can  be 
formed  in  one  piece  instead  of  costly  welded  subassem¬ 
blies  (42). 

8.  Close  tolerances  can  be  obtained  on  virtually  any  size 
part  (42). 

9.  Amount  of  springback  is  reduced  as  compared  to  con¬ 
ventional  forming  methods,  and  can  be  compensated  for 
by  die  design  (42). 

IG.  Many  conventional  forming  operations  can  be  combined 
into  a  single  high  energy  forming  operation.  For  ex¬ 
ample,  a  part  can  be  formed,  embossed,  and  boles  pierced 
all  in  one  shot  (42). 

11.  Heat  treatment  operations  for  some  parts  and/or  materi¬ 
als  are  reduced  or  even  eliminated  (43). 

12.  Greater  part  uniformity  is  achieved  than  is  possible 
by  conventional  forming  methods  (28). 

13.  Production  lead-time  is  reduced  over  conventional  (44) 
and  some  nonconventional  methods. 

14.  Localized  stress  concentration  may  be  eliminated  by 
uniform  force  distribution  during  forming  (1^). 


15.  Part  may  be  fonned  with  variable  section  thickness  (2). 

Virtually  every  advantage  cited  will  depend  upon  the  particular  part 
or  material  being  considered  for  explosive  forming.  Since  this  is  the 
case,  the  above  advantages  serve  the  purpose  of  giving  a  degree  of  guid¬ 
ance  in  selecting  parts  which  are  potential  explosive  forming  applications 

The  thirteenth  advantage  above  is  of  particular  interest  to  the  U. 

S.  Army  because  of  its  mobilization  ability. 

The  disadvantages  which  have  been  enumerated  are  as  follows: 

1.  Production  rate  is  slow  (45). 

2.  Careful  handling  is  required  which,  in  turn,  requires  special 
ly  trained  operators  (43). 

3.  Local  ordnances  may  limit  the  amount  of  explosives  which  can 
be  set  off  (43). 

4.  The  process  does  not  lend  itself  readily  to  high  temperature 
forming  although  high  temperature  forming  has  been  accomplished  (26). 

The  first  disadvantage  will,  no  doubt,  be  diminished  in  the  near 
future  as  several  firms  are  undertaking  mechanization  studies  of  this 
forming  method.  Such  production  drags  as  sealing  and  clamping  will  be 
the  first  areas  studied  for  the  under- liquid  explosive  forming  method. 
Relatively,  the  in-air  method  is  capable  of  producing  a  greater  quantity 
of  parts  per  unit  time  since  it  doesn't  require  the  raising  and  lowering 
of  the  part  and  die  into  euad  out  of  the  liquid  medium.  This  portion  of 
the  forming  cycle  requires  approximately  15  minutes  depending  upon  the 
part  and  die  size,  method  of  explosive  suspension,  etc. 

Disadvantages  two  eind  three  tend  to  discourage  the  development  of 
production  capability  within  the  U.  S.  Army,  with  disadvantage  three 
playing  a  predominate  role  because  of  production  facility  locations. 

g.  Economics i  The  relative  scarcity  of  cost  comparisons  of 
specific  parts  which  have  been  formed  explosively  is  undoubtedly  a  re¬ 
sult  of  the  widespread  use  of  the  technique  for  parts  which  cannot  be 
formed  by  conventioned  methods.  However,  there  are  a  few  general  state¬ 
ments  and  specific  cost  comparisons  which  have  been  made. 

Presently  it  requires  more  time  to  form  a  part  explosively  than  to 
form  the  same  part  conventionally.  However,  the  use  of  the  explosive 
forming  method  becomes  more  economical  as  the  size  and/or  complexity  of 
the  part  becomes  greater,  and  the  quantity  of  parts  required  becomes 
smaller  (46).  This  condition  is  partially  due  to  the  relatively  lower 
cost  of  dies  and  equipment  required  for  this  method  (2).  Based  upon  the 
above  conditions,  small  simple  parts  requiring  large  quantities  should 
not  be  considered  for  this  method  (9).  Simple  is  here  defined  as  re- 


■  , ,  -i 


Iquiring  noncrlticai  coierance  ani  being  producible  by  conventional  means 
lin  one  piece.  However,  it  should  not  be  construed  from  the  above  that 
;^exploslve  forming  cannot  be  used  econoaicttUy  for  parts  requiring  con¬ 
siderable  quantities  as  the  method  has  been  used  to  produce  as  many  as 
10,000  parts  in  one  production  run. 

A  few  specific  examples  which  have  been  cited  are:  6o6l  aluminum 
pC-8  nosecones  produced  at  a  cost  of  $15  each  as  compared  to  $131  each 
for  conventional  means  (29);  2,000  tube  ends  squared  to  close  tolerances 
at  a  $10,000  savings  (W)*  and,  k2'  silsalle  dosies  formed  at  a  net  loss 


IMINATED; 

187  in.  of  welding  &  13  in.  per  menhour  IIOS.OOi 
187  in.  of  x-ray  inspacfiofl  9  50c  an  Inch  93.00> 
M  detail  pam . . .  27000 

1633.00 


Figure  15.  Reprinted  by  special  permission  from  THE  FENTON  PUBLISHING  COMPAIBC 
from  the  article  "Explosive  Forming,  Tube  tending,  Chea  tilling  GobUmA  U»  “ 
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Figure  15.  (cont'd) 


Figure  I5  above  is  an  example  of  cost  savings  realized  by  General 
Rynamics/Astronautics  by  applying  the  explosive  forming  method  to  piping 
fabrication. 

Table  11  below  illustrates  the  relative  cost  indexes  of  producing 
missile  skins  by  various  methods.  It  is  interesting  to  note  the  labor 
index  comparison  for  these  methods. 


Tifble  11.  Courtesy  of  ^catlnny  Amenal 


Explosive  Foi  iiiifii;  Opi-iatioD 


osivc  Tormil 


1. 

Sliiar  (rarallelu^ram) 

"  1.0 

2. 

Shear  (Triangle; 

1.0 

3. 

Rout  (Radii) 

1.6 

4. 

Hull  into  cone 

3.1 

S. 

Weld 

4.6 

6. 

Plani.sh  Weld 

2.2 

7. 

Degrease 

l.P 

8. 

Heal  Treat 

1.6 

9. 

Explosive  Form 

7.0 

10. 

Heat  Treat 

1.6 

11. 

Trim  to  Length 

1.2 

Operation 

10.  Heat  Treat 

11.  Final  Bulge 

12.  Degrease 

13.  Heat  Treat 

14.  Tr4«il»|i« 


Material  B.4 
Sub-Total  30.0 
Total  38.4 

Bulging  Labor  inrtiai 
1.6 


Material  8.4 
Sub-Total  36.1 


Floturn  Operation 

1.  Hydi'oform  to  Preform 

2.  Hydroform  to  Preform 

3.  Floturn  Prefab 

4.  Clean 

5.  Anneal 

6.  Finish  Flotopi 

7.  Trim 

8.  Stabilize 

9.  Clean 


Floturn  Labor  Index 
.5 
.6 

5.8 
2.0 
2.0 

11.6 

3.0 

2.0 

1.9 


Material  20. 2 
$ub-Total  29. S 

Total  I9.T 


COMPARISON  OF  MANUFACTURING  COSTS 
CONVENTIONAL  VS.  EXPLOSIVE  FOR,MING  ($  PER  PART) 
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Pictures  of  the  parts  tabulated  in  Table  12  are  shown  in  the  pic¬ 
torial  illustrations  section.  The  material  used  in  these  parts  was 

AM-350. 


Generally,  the  open-air  technique  of  explosive  forming  is  cheaper, 
even  though  this  technique  utilizes  less  of  the  explosive  force  avail¬ 
able.  This  is  due  to  the  fact  that  the  cost  of  the  explosive  is  a  minor 
portion  of  the  toteil  cost  of  producing  a  part,  and  the  lower  open-air 
labor  and  capital  cost  more  than  offsets  the  increased  explosive  cost. 
This  technique,  however,  creates  a  greater  noise  problem  than  the  under- 
liquid  technique. 

One  of  the  major  economic  problems  confronting  explosive  forming 
is  the  cost  of  determining  the  various  parameters  required  to  form  a 
particular  peirt.  This  situation  has  been  partially  alleviated  by  the 
development  of  scaling  laws.  These  laws  allow  the  determination  of  the 
forming  parameters  on  a  scsded-down  part.  These  parameters  are  then 
scaled  up  by  the  laws  to  develop  the  parameters  required  for  the  full- 
size  part.  Once  this  has  been  accomplished,  about  two  or  three  full- 
size  shots  are  required  to  adjust  the  full-size  parameters  developed 
by  the  scaling  laws.  Many  firms  claim  this  situation  to  be  no  worse 
than  the  adjustments  required  for  conventional  fonning  and  have  empha¬ 
sized  their  point  by  offering  a  fixed  price,  guaranteed  forming  type  of 
contract. 

Naturally,  parts  of  the  same  size,  configuration,  and  material  as 
those  previously  formed  by  a  particular  firm  do  not  require  further 
studies.  Likewise,  a  contractor  for  a  particular  part  should  be  at 
least  partially  selected  on  the  basis  of  the  simlleurity  of  the  con¬ 
tracted  part  to  parts  previously  formed  by  the  firm. 

The  explosive  forming  technique  should  be  able  to  compete  with  other 
new  forming  techniques  depending  again  on  the  part  and  quantity  required. 
It  will  probably  maintain  its  capital  cost  advantage  for  some  time  and 
its  mobilization  capability  will  be  difficult  to  overcome. 

In  summary,  as  with  any  technique,  the  economics  for  this  method 
must  be  determined  for  each  particular  part.  The  information  supplied 
in  this  section  can  only  aid  in  narrowing  the  nunber  of  alternative 
methods  to  consider. 

h.  Industrial  Capabilities  and  Activity;  The  intent  of  this 
section  is  to  present  the  capabilities  of  most  of  the  explosive  forming 
users  or  researchers  within  the  Ukiited  States  and  to  illustrate  the 
Interest  shown  by  other  countries. 
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AEROJET-GENERAL  CORPOIiATION 
itovney,  California 
(Started  1958) 


Materials 
Successfully 
Permed _ 

5083  A1  ^  , 

18^  nickel  maraging  steel 

Tungsten 
8A1-4V  Titanium 
301  Stainless  steel 
2219  A1 

Other  aluminum  alloys 
Other  stainless  steel 


Maximum  Part  Size 
Formed  and/or 
Facility  Size 


Crane 

Capacity 


260”  dia  (formed) 

(1)  30'dia  X  25'  <ieep 

^  ^  tank 

(2)  20'dia  X  12'  deep 

'  tank 


36  ton  jit 
20  ton  mohiie 
10  ton  roohlle 


Maximum 

Explosive 

Charge 

10#  high 
explosive 


alloys 

High  strength  steels 

Considerable  activity 


in  explosive  weldlng/loDding  pnd 


paction. 


1 


.  ■  Pr-om  Aero  iet-General  Corporation  from 

Figure  16.  Renrinted  by  snecial  Certain  of  the  processes  and 

t-igure  1  ^  (Ol)gR,  February  1'84.  NOT-Cl .  Corroration  or  are  the 

,  herein  are  patented  by  “ “sing  annaratus,  or  prac 

useV  the  Governmfent. 


I 


1. 
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THE  BOEING  COMPANY 
Renton,  V/ashington 
(Started  1958) 


Materials 

Maximum  Part  Size 

Successfully 

Formed  and/or 

Crane 

Formed 

i Facility  Size 

Canacity 

1020  Steel 

4'  wide  X  12'  long 

20  ton  mobile 

433OM  steel 

6*  dia  domes 

321  stainless  steel 
301  stainless  steel 
17-7  stainless  stl 
347  stainless  steel 

20''  dia  X  9'  deep  tank 

2024  alum  alloy 

6061  alum  alloy 

7075  alum  alloy 

2219  alum  alloy 

3003  alum  alloy 

j  1500 

Hastalloy  X 

Rene'  4l 

Inconel  X 

Mo-.5Ti 

Multimet 

6AL-4V  Ti 

8-1-1  Ti 

THE  BOEING  COMPANY 

Wichita,  Kansas 

1 

(started  ) 

Materials 

Maximum  Part  Size 

Successfully 

Formed  and/or 

Crane 

Formed 

Facility  Size 

Capacity 

Aluminum  alloys 

(1)  48"  dia  x  72" 

^  ton  overhaul 

Stainless  steels 

deep  underground 

CHRYSLER  MISSILE  DIVISION 
Detroit,  Michigan 
(Started  prior  to  1959) 

Materials  Maximum  Part  Size 

Successfully  Formed  and/or  Creme 

ibmied _  Facility  Size  Capacity 


Maximum 

Explosive 

Charge 


5# 


Maximum 

Explosive 

Charge 


120  grams 
PETN  (Under¬ 
ground) 


’Maximum 

Explosive 

Charge 
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Materials 
Successfully 
Farmed _ 


D0U3LAS  AIRCRAFT  DIVISION 
Long  Beach,  California 
(started  ) 


Maximum  Part  Size 

Jbrmed  and/or  Crane 

Facility  Size  Capacity 


Maximum 

Explosive 

Charge 


Stainless  steel 
U340  (sized) 

6061  A1  (sized) 
Tltanlvn  (sized) 
lOeO  Steel  (sized) 


(1)  108"  dia  X  120" 
deep  teuik 
84"  dia  hemi¬ 
sphere  sizing 
possible 
60"  dia  hemi¬ 
sphere  forming 
possible 


22,3  ton  trav-  ^00  grams 
eling 


Figure  16.  Courtesy  of  Douglas  Aircraft  Company,  Inc. 


Materials 

Successfully 

Formed 


DOUGLAS  AIRCRAFT  CORPORATION 
Santa  Monica,  California 
(Started  1959) 

Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Capacity 


2014  Alum  annealed 
20l4  Alum  W  con¬ 
dition 


(1)  18’  dia  X  11' 
deep  tank 
Maximum  possible 
part  is  l4'  dia 
1/4''  thick 
2014  I*  Alum 


250#  Stationary 
15  ton  mobile 


EXPLOSIFORM,  I^fC. 
Park  Forest,  Illinois 
(Started  I961) 


Materials 
Successfully 
Formed _ 


Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Ca-pacity 


Aluminum 

Extra  low  carbon 
steel 

AISI  4130  steel 
D6AC  steel 
Rene '  4l 

16^  nickel  maraging 


Open  air  direct  con¬ 
tact  technique 
2  to  3  ft.  dia. 
(approx)  formed: 
max.  size  limited  by 
explosive  charge 


None  on  site 


GENERAL  DYNAMICS/ASTRONAUTICS 
San  Diego,  California 
(Started  I961  (50)  ) 

Materials  Maximum  Pert  Size 

Successfully  Formed  and/or  Crane 

Formed _  Facility  Size  Capacity 

. .  (1)  12'  dia  X  10'  5  ton 

deep  tank 
1/2"  thick  X  5' 
dia  parts  have 
been  formed 

This  organization  has  done  a  considerable  amount  of  work 
explosive  forming. 


Maximum 

Explosive 

Charge 


l400  grams 
of  RDX 


Maximum 

Explosive 

Charge 

30jf 


Maximum 

I'tcplosive 

Charge 


with  low 
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Materials 

Successfully 

Formed 

GENERAI,  DYNAMICS/PORT  WORTH 

Fort  Worth,  Texas 
(Started  1955) 

Maximum  Part  Size  Maximum 

Formed  and/or  Crane  ilxplosive 

Facility  Size  Capacity  Charge 

Hastalloy  X 

6-8'  dia  hemi- 

—  6  sticks  dy- 

Aluminum  (all  com- 

sphere  possible 

namite  with 

mercial  sheet 

18'  dia  gentle  curve 

65^  gelatin 

grades ) 

possible:  presently 

Titanium 

constructing  new 

Beryllium  (hot) 

1010  Steel 

Alloy  steels 
Columbium 

300  series  Stain¬ 
less 

L-605 

Some  plastics 

facility 

Some  open-air  forming  experimentation.  Considerable  work  with  ex¬ 
plosive  welding/bonding. 


GRtJMMAN  AIRCRAFT  EICBffiERIigG  CORPORATION 
Bethpage,  Long  Island,  New  York 
(started  prior  to  1959) 


Materials 

Successfully 

Formed 


Maximum  Part  Size 
Formed  and/or 
Facility  Size 


Crane 

Capacity 


Maximum 

Explosive 

Charge 


2024  -  0  (Sheet) 
2024  -  W  (Sheet) 
2024  -  T3  (Sheet) 
606l  -  0  (Sheet) 
7075  -  0  (Tubing) 
4130  (Tubing) 

4l4o  (Tubing) 

304  (Tubing) 

321  (Tubing) 

347  (Tubing) 
Beginning  work  on 
open  air  forming 


(1)  11*  dia  X  6’ 
deep  tank  at 
Bethpage 


20  tons  at 
Beth I  age ; 

30  tons  planned 
for  Peconic 
River  facil¬ 
ity 


450  grams  at 
Bethpage : 

New  facility 
to  be  built 
at  Peconic 
River  to 
have  l4jf 
underwater 
and  5//  in  air 


Figure  1'^.  Courtesy  of  Gruniraan  Aircraft  liigineering  Corporation 
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LING-TEMCO-VOUGHT 
Grand  Prairie,  Texas 
(Started  1959) 


Crane 

Capacity 

15  ton 


successfully  formed; 
2G24-T3  A1 
A-286 
AM- 350 
L-605 
Rene'  4l 
PH  15-7  Mo 
Ti-8Al-lMo-lVa 
Ti-13Va-llCr-3Al 
TZM 
Cb-752 

Vasco jet  1000 


Materials 

Successfully 

Formed 


Maximum  Part  Size 
Formed  sind/or 
Facility  Size 


5086-H32  A1  70"  dia  x  15"  deep 

321  Stainless  steel:  dome  formed: 

tested  following,  (l)  22*  dia  x  12*’ 
but  not  necessarily  deep  tank 


LOCKHEED  -  CALIFORNIA  COMPANY 
Burbeuik,  California 
(Started  1956) 


Materials 

Successfully 

Formed 


Aluminum:  20l4 

2024,  6061, 

2019,  7075 

Other  alum  alloys 
Stainless  Steels: 

302,  321,  AM  350, 
17-7  IH 

Other  stainless  steel 
alloys 

Commercially  pure  Ti 
8  Mn  Ti 
6Al-4Va  Ti 
120  VCA  Ti 
Other  Ti  alloys 
HM  21  A-T8 
HK  31AH24 

Other  magnesium  alloys 


Maximum  Part  Size 
Formed  eind/or 
Facility  Size 

15'  dia  largest  pos¬ 
sible 

( 1 )  teuik  l4 '  dia  x 
15'  deep  aboveground 


Crane 

Capacity 


10  ton 


Maximum 

Explosive 

Charge 

Lfederwater: 

900  grams  RDX 
900  grams  PETN 
1530  grams  TNT 

Open  Air: 

1170  grams  TNT 
690  grams  PETN 
690  grams  RDX 


Maximum 

Explosive 

Charge 


5-6#  PETN 
Open  air; 

420  grams 
Underwater 
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LOCKHEED-CALIFORNIA  COMPANY  (Cont'd) 


Materials  Maximum  Part  Size  Maximum 

Successfully  Formed  and/or  Crane  Explosive 

Formed _  Facility  Size  Capacity  Charge 

Steel:  1010,  1018 
1020,  4130,  4340 
Vascojet  1000 
Copper 

Silicon  Bronze 
Rene '  4l 
Other  alloys 


Figure  20. 
Courtesy  of 
Lockheed- 
California 
Company 


LOCKHEED-GEORGIA  COMPANY 
Marietta,  Georgia 
(started  1956) 


Materials 

Maximum  Part  Size 

Maximum 

Successfully 

Formed  and/or 

Crane 

Explosive 

Formed 

Facility  Size 
Cl)  100'  long 

TTo' 

Capacity 

Charge 

Aluminum 

20  ton  mobile 

2://-60^  nitroglyc¬ 

Titeinium 

Stainless  Steels: 
420,  301 

Inconel-X 

Nickel  alloys 

wide  X  20* 
pond 

deep 

erin  dynamite 
underwater; 

6-8//  -  6o^  nitro¬ 
glycerin  dyna¬ 
mite  open  air 

Have  done  some  open  air  work 


Figure  ri. 
Courtesy  of 
Lockheed  Air¬ 
craft  Corpor¬ 
ation. 


MARTIN  COMPANY 
Denver,  Colorado 
(Started  1958) 


Materials 

Successfully 

Formed 


Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Capacity 


Maximum 

Explosive 

Charge 


20#  high  ex¬ 
plosive  on 
large  tank 


1020  Steel 
7039  Alum 
Tantalum  alloys 
Gold  foil 
Columbium  alloys 
Copper  alloys 
300  series  stain-- 
less  steels 
Honeycomb  (metal 
and  phenolic ) 
5083  Alum 
6061  Alum 
1100  Alum 


2014-0  Alum 
2219-0  Alum 
2:219-T37  Alum 
2219-T31  Alum 
16^  nickel  managing 
steel 
Ti-6A1-4V 
Ti-5Al-2.5  Sn 


10'  dia  domes  formed 
(1)  tank  105'  dia 
(approx)  X  22'  deep 
(1)  7'  dia  tank 
(1)  3'  dia  tank 
Plans  for  building 
25'  dia  X  10'  deep 
tank 


2  ton:  can  get 
50  ton  crane 
from  plant 


Have  performed  some  open-air  forming  and  some  shock  hardening 
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Figure  22.  Courtesy  of  Martin  Compeuay 


Figure  23.  Courtesy  of  Martin  Company 
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METRO  ENGINEERING  CO., 

INC. 

East  Hampton,  Massachusetts 
(started  ) 

Materials 

Maximum  Part  Size 

Successfully 

Formed  and/or 

Creme 

Formed 

Facility  Size 

Capacity 

Maximum 

Explosive 

Charge 


This  firm  performs  limited  work  when  they  can  manufacture  the  tooling 
for  the  forming  operation.  They  only  do  this  type  of  work  when  one  of 
their  regular  customers  confronts  a  problem  in  forming  a  peurt. 


THE  MOORE  COMPANY 


Marceline,  Missouri 
(Started  1950) 

Materials 

Successfully 

Formed 

Maximum  Part  Size 

Formed  and/or 

Facility  Size 

Crane 

Capacity 

Maximum 

Explosive 

Charge 

Monel 

Parts  formed  to  36” 
dia  ( fan  hubs ) 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 
Huntsville,  Alabama 
(Started  ) 

Materials 

Successfully 

Formed 

Maximum  Part  Size 

Formed  and/or 

Facility  Size 

Crane 

Capacity 

Maximum 

Explosive 

Charge 

7039  Alum 

2219  Alum 

316  CRES 

2P14-T451  Alum 

321  Stainless 
steel 

(1)  25'  dia  X  15' 
deep  temk 
(1)  15'  dia  X  12' 
deep  tank 

(1)  7'  <ii«  X  6'  deep 
tank 

12,5  tons 

high  ex¬ 
plosive  un¬ 
derwater  : 

1/2#  high  ex¬ 
plosive  open 
air 
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Figure  24.  Courtesy  of  NASA  Marshall  Space  Flight 
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FLARE- NORTHERN  DIVISION 
(formerly  National  Northern) 
ATLANTIC  RESEARCH  CORPORATION 
West  Hanover,  Massachusetts 
(Started  1957) 


Materials 

Successfully 

Fonned 

Maximum  I-art  Size 
Formed  and/or 

Facility  Size 

Crane 

Capacity 

Carbon  steels 

Facility  capable  of 

Alloy  steels 

approximately  k-  to 

Stainless  steels 

6"  thick  part  to 

Nickel  alloys 

Alum  alloys 
Magnesium  alloys 
Titanium  alloys 
Copper  alloys 
Tantalum 

Uranium 

Zircaloy-2 

Beryllium 

Columbium 

Tungsten 

Molybdenum 

10'  diameter 

Maximum 

Explosive 

Charge 

50  to  100# 


This  organization  has  experimented  with  explosive  welding,  forg¬ 
ing  and  powder  compaction. 


Materials 

Successfully 

Formed 


NORTH  AMERICAN  AVIATION,  INC. 
Columbus,  Ohio 
(started  prior  to  I961) 

Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Capacity 


6061-0  Alum 
7075-0  Alum 
3o4  Stainless 
321  Stainless 
PI5-7M0  Stainless 
AM  350  Stainless 
1010  Carton  steel 
6A1-4V  Ti 


9'  dia  part  fonned  (53) 
(1)  15'  deep  tank  with 
10'  dia  at  bottom  and 
18'  dia  at  top 


Maximum 

Explosive 

Charge 

2  -#  TNT 


Figure  25.  Courtesy  of  North  American  Aviation,  Inc. 
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NORTH  AMERICAN  AVIATION,  INC. 
El  Toro,  California 
(Started  195^) 


Materials 

Maximum  Part  Size 

Maximum 

Successfully 

Formed  and/or 

Crane 

Explosive 

Formed 

Facility  Size 

Capacity 

Charge 

SO  Alum 

25'  die  maximum  part 

(1)  40 

ton  mobile 

12#  PETN 

2014-T4  Alum 

size  without  facil¬ 

so  far 

321  Stainless 

ity  modification 

Rene '  4l 

(2)  25'  dia  X  15’  deep 

(1)  80 

ton  gantry 

1020  carbon  steel 

(2)  25'  dia  X  15'  deep 

(1)  10 

ton  gantry 

4130  steel 
6o6l  Alum 
2024  Alum 
PH15-7  Mo 
Inconel 
Magnesium 
Titanium 
Tantalum 
2  Alloy  steels 
2219  Alum 

0S-10613A  Class  II 
alloy  steel 
304  Stainless 
Molybdenum 
Copper 
Tungsten 
Hastalloy  C 
Teflon 
Kel-F 

This  firm  has  worked  with  explosive  cladding  and  powder  compaction. 


Figure  26.  Courtesy  of  North  American  Aviation,  Inc. 
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Materials 

Successfully 

Formed 


Titanium 
Udimet 
Aluminum 
Hastalloy  X 
inconel 
Waspalloy 
Nickel  steel 
Columbium 
Stainless  steel 


PRATT  &  WHITNEY  AIRCRAFT 
East  Hartford,  Connecticut 
(started  19^1 ) 

Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Capacity 

(l)  8'  dia  tank  20  ton 

(1)  5'  dia  tank 


Maximum 

Explosive 

Charge 

17,000  grains 
of  sheet  ex¬ 
plosive  so  far 


This  corporation  has  used  explosives  to  weld,  clad,  and  shock  harden 
materials . 


Figure  27.  Reprinted  by  special  permission  from  PRATT  &  WHITNEY  AIRCRAFT 
DIVISION,  UNITED  AIRCRAFT’  CORTORATION. 


rn 
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RYAN  AERONAUTICAL  COMPANY 
San  Diego,  Califoniia 
(started  1956) 

Maximum  Part  Size 

Formed  and/or  Crane 

Facility  Size  Capacity 

(l)  10'  dia  X  8.5'  5  ton 

deep  tank 


H-11 

17-7  PH  Stainless 

AM  350  Stainless 

Titanium  alloys 

Molybdenum 

Tungsten 

6286 

Haines  25 
Inconel 
Inconel  X 
Hastalloy  X 
K  monel 
321  Stainless 
Rene'  4l 
A-286 


Materials 

Successfully 

Formed 


HP9-4-25 
Aluminum  alloys 
Managing  steels 
4340  Steel 


Maximum 

Explosive 

Charge 

100  grams 


Other  firms  which  have  been  cited  as  being  active  in  explosive  form¬ 
ing  are  (53); 


Martin  Company 
Nitroform 

Standard  Steel  Works 
Budd  Company 
Taylor-Wharton 
Manganese  Steel  Forge 
American  Manganese  Steel 
Battelle  Memorial  Institute 
Stanford  Research  Institute 
A.  D.  Little 


Baltimore,  Maryland 
Detroit,  Michigan 
Burnham,  Pennsylvania 
Philadelphia,  Pennsylvania 
Easton,  Pennsylvania 
Philadelphia,  Pennsylvania 
Chicago  Heights,  Illinois 
Columbus ,  Ohio 
Menlo  Park,  California 
Cambridge,  Massachusetts 


An  indication  of  the  interest  expressed  by  other  countries  is  in¬ 
dicated  by  the  following  partial  listing: 


CARDE  (presently  inactive  (19)) 
Canada  Industries,  Ltd. 

Bristol  Air  Industries,  Ltd.  (7) 
Orenda  Engines,  Ltd,  (7) 


Ceinada 

Canada 

Winnepeg,  Canada 
Canada 
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Canada 

Great  Britain 
Great  Britain 
Woivay 

USSR 


Bulgaria  (56) 

France  (53) 
ftjlland  (53) 

Ireland,  North  (53) 
Japan  (53) 

Switzerland  (53) 

West  Germany  (53) 

i.  Discussion  of  Applications  and  Pictorial  Illustrations;  It 
is  the  intent  of  this  section  to  familiarize  U.  S.  Army  Materiel  Command 
personnel  with  the  types  of  material  and  configurations  which  have  been 
historically  formed  and/or  sized  through  the  use  of  explosives. 

A  comparative  rating  of  the  entire  set  of  explosive  forming 
techniques  was  made  hy  Ling-Temco-Vought  in  Jiily,  I963.  The  results  of 
thelxt  euialysis  are  presented  in  Table  13  below: 


Sorrel  Industries 
Production  Engineering  Research 
Associates  (5^) 

Vickers -Armstrong,  Ltd. 

Central  Institute  for  Industrial  Research(56) 
(Joint  U.S. -Norway  Venture) 

Scientific  Research  Institute  of  Aircraft 
Technology  (57) 


TYPICAL 

SYSTEM 

CHARACTERISTICS 


EXPLOSIVE  FORMING  SYSTEMS 

HIGH 

EXPLOSIVE 

LOW 

EXPLOSIVE 

EXPLOSIVE 

GAS 

TYPE 

OP 

SYSTEM 

OPEN 

R,T. 

A 

E 

E 

E,T. 

C 

E 

E 

Ct.OSEO 

n,T. 

C 

A 

B 

E*T, 

C 

A 

B 

ENERGY 

transpcr 

MEDIA 

1 

R.T. 

WATER 

RUOBER 

XTri 

WATCR 

RUBBER 

GAS 

UT. 

OIU  RUBBER 

GUASS  SAL.T 

AIR 

GAS 

M.T* 

MOUTGN  METAI. 
SAND 

AIR 

GAB 

RELATIVE  CyCt.C  TIME 

HIGH 

MEDIUM 

MEDIUM 

l.O*^ATIpN  REQUIREMENTS 

REMOTE 

SEPARATE 

SEPARATE 

R.T.  -  ROOM  TCMPCRATURC 
C*T«  -  CUCVATEO  TKMFKRATURC 
I.T*  -  INTCRMGOtATC  TCMRKflATURK 
H«T«  -  HIGH  TCMFCRATUR8 


RATIMQR  : 


A  ->  cxceucENr 

■  -  GOOD 

C  -  PAIfl 
O  •  POOR 
K  INAPPLICAGUC 


Table  13.  Reprinted  by  special  permission  from  Research  and 
Technology  Division,  Air  Force  Materials  Laboratory,  Wright- 
Patterson  Air  Force  Base,  Ohio,  from  Report  No.  ASD-TDR-63- 
7-871,  dated  July  1963. 
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Steel  Magazine  cited  a  Battelle  Memorial  Institute  analysis  of 
high  energy  rate  methods  which  is  presented  in  Table  1^  below: 


Table  l4.  Reprinted  by  special  permission  from  THE  PENTGN  PUBLISHING  GOMPANY  from  the 
article  "Machines  Turn  Violence  Into  Forming  I'rofits"  as  published  in  the  6  August  I962 
issue  of  STEEL.  C  1^62 
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(l)  Low  Explosive  -  Closed  Die;  This  technique  has  experi¬ 
enced  decreased  usage  because  of  the  establishment  of  shops  which  are  capa¬ 
ble  of  producing  small  quantities  of  parts  through  the  use  of  the  electro- 
hydraulic  and  magnetic  forming  methods.  However,  some  producers  still  pre¬ 
fer  this  technique  for  relatively  small  lots  of  small  parts.  This  is  par¬ 
ticularly  true  for  tube  bulging  operations. 

Figure  28  below  is  an  example  of  the  manner  in  which  the 
low  explosive  technique  can  simplify  the  construction  of  tubing.  The  new 
method  eliminated  89  operations. 


A.  NEW  DUCT  .ASSEMBLY 


Figure  26.  Courtesy  of  General  Dynamics/Astronautics 


THIS  PHOTO  SHOWS  A  SHOTGUN  FOnHEO  90*  REDUCER 


4.«- 
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Figure  29  below  illustrates  tbe  setup  used  to  form  the 
center  tee  on  the  steer  horn  assembly  shown  above: 


Figure  29.  Courtesy  of  General  I)ynainics/Astronautics 
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Figures  JO  through  j4  depict  applications  of  low  explosive 
forming  developed  by  General  Dynamics  Astronautics.  The  setups  shown  in 
Figures  32  and  33  were  used  to  form  J21  CRES  material.  The  part  shown  in' 
Figure  34  was  made  of  K-raonel. 
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4.0  DIA  X  5.0  DIA.  liLBOW  LINE  REDUCER. 
3.5  DIA.  .028  WALL  CRES  TUBE  FORM  BLANK 
SHOTGUN  FOILED  TO  FINISH  CONFIGURATION 
1  INTERSTAGE  ANNEAL 

NOTE;  PART  CAN  BE  BULGE  FORMED  WITH  OIL 
OR  WATER  PRESSURE  IF  NO  EXPLOSIVE 
CAPABILITY  IS  AVAILABLE. 


,  '  \  ^  ^  \ 


(Q 

O 


Figure  31.  Couriesy  of  General  Qynaniics /Astronaut! 
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Figure  32.  Courtesy  of  General  Dj^iainics/Astronautics 
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Figures  35 >  36,  and  37  illustrate  further  applications 
developed  by  the  Winchester-Western  PiYision  of  Olin  Mathieson  Chemical 
Corporation . 


PROBLEM:  To  double  bulge  form  a  cylindrical  lube  of  Type  304  or  Type  310 
sloinless  fleel  tubing  Vi"  O.D.  having  a  wall  Ihlckneti  of  .035*  and 
being  2%*  in  length. 


SoluHoni  Olin  Mathieson  Chemical  Corporation  has  solved  the  above  problem  whereby 
two  ports  ore  made  at  the  same  time.  Conventionally,  this  port  required  a  large 
number  of  press  operations. 


Figure  35.  Reprinted  by  special  permission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  W  INC  HESTER- WESTER^]  DIVISION,  from  their  brochure  titled, 
"SUPER  SPEED  Metal  Fonning". 


6o 


I 


M 

Figure  36.  Reprinted  by  special  permission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER- WES TERN  DIVISION,  from  their  brochure  titled, 

"SUPER  SPEED  Metal  Forming". 


6l 

Solution:  Olin  Mathieson  Chemical  Corporation  has  obtained  the  reduction  desired  for 
this  particular  application.  The  material  was  low  carbon  1015  steel. 


Figure  37«  Reprinted  by  special  peiTnission  from  OLIN  MATHIESON  CHEMICAL 
CORPORATION,  WINCHESTER-WESTERN  DIVISION,  from  their  brochure  titled, 
"SUPjER  speed  Metal  Forming". 
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Figures  38,  39>  and  ^<-0  depict  parts  formed  by  Rohr  Air¬ 
craft  Corporation  in  their  low  explosive  forming  program: 


Figure  39 «  -  interstage  connector  shroud  for 
T-50  gas  turbine  engine  with  rolled  and  welded 
preforni. 


Figure  36«  -  cartridge  formed  transition  tube 
made  of  type  321  stainless  welded  tubing. 


Figure  40»  _  JCxplosively  formed  valve  body 
housing  showing  feasibility  of  high  local  defor¬ 
mation  made  possible  by  proper  staging  operation. 


Figures  38,  39)  and  49.  Reprinted  by  special  permission  from  a  paper  by 
S-.  P.  Jenkins,  "High  Energy  Forming  In  Production",  SP62-82,  presented  at 
a  Seminar  of  the  AMERICAN  SOCIETY  OF  TOOL  AND  MANUFACTURING  ENGINEERS, 
c  1962 


64 


Figure  42  illustrates  the  difficult-to-form  configura¬ 
tions  which  this  technique  is  capable  of  producing. 


Figure  42,  Courtesy  of  Ling-Temco-Vought 
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(2)  Direct  Contact  High  Explosive:  Very  little  literature 
exists  on  this  particular  forming  technique.  However,  the  following  three 
figures  illustrate  the  general  setup  used  by  Bxplosiform,  Inc.  Figure  ^3 
shows  the  blank  and  die  prior  to  charge  placement.  Figure  44  depicts  the 
charge  in  place.  In  this  case,  the  cliarge  is  nitroguanadine  which  is 
initiated  by  a  blasting  cap  with  a  conventional  fuse.  The  finished  part 
is  shown  in  Figure  45.  The  finished  part  required  radially  drilled  holes 
which  were  distorted  by  a  conventional  forming  method.  This  problem  was 
solved  by  the  use  of  a  removable  filler  material  in  conjunction  with  ex¬ 
plosive  forming. 


Figure  43. 


Figure  44. 


Figure  45, 

Figiires  43,  44  and  45, 
Courtesy  of 
Exploslfonn,  Dae. 


(3)  High  Explosive  -  Open  Die:  This  technique  appears  to 
have  received  the  most  comprehensive  usage  as  is  evidenced  by  the  quantity 
of  literature  published  on  its  applications. 

(a)  Cylindrical  and  Conical  Blank  Farts;  The  Moore  Co. 
has  made  use  of  this  setup  for  approximately  ten  years  in  the  production 
of  fan  hubs.  Figure  46  below  illustrates  the  technique  they  have  used  to 
form  monel  hubs. 
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Thit  ii  whot  th«  Men«l  hub  louiii  lik«  whun 
from  thu  di«.  Th«  txploiivt  mtthod  of  fprminf  c«tfs  Mppr* 
•  fr«cti*n  pf  th«  cptt  •f  ipinninf,  tbpr*  it  np  wvttp  pipIpI. 
pftd  np  tifpp  Iptt  fpr  pwwppliwf. 


( 

! 

Figure  46.  Reprinted  by  special  permission  from  THE  INTERNATIONAL  NICKEL 
COMPANY,  INC.,  from  PROCESS  INDUSTRIES  QUARTERLY,  September  1954.  "MONEL" 
is  a  registered  trademark  ot  Ttib  irll’ERNATIONAL  NICKEL  COMPANY,  INC.  C  1954 


Figure  h'J  illustrates  the  feasibility  of  sizing  and 
piercing  a  part  in  one  operation.  There  were  no  burrs  on  the  holes. 
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Figure  h7.  High-Strength  Steel  Tube  Perforated  By  Use  of  Explosive  Pressures. 


Figure  48  illustrates  a  small  aluminum  test  part 
which  was  flanged  by  North  American  Aviation.  Note  the  wrinkle-free 
characteristics  of  the  part. 


69 


The  1010  steel  part  shown  in  Figure  49  was  fabri¬ 
cated  from  .063"  material.  Note  the  smooth  surface  gained  through  the 
use  of  an  epoxy  and  fiberglas  laminate  liner  on  the  die  surface. 
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The  following  four  figures  illustrate  the  versatil¬ 
ity  of  this  forming  method. 


I 


F-1  ROCKET  ENGINE  PRESSURE  BAG 

The  split  die  used  to  form  this  part  is  in  the 
background.  The  part,  in  the  foreground,  is 
made  from  a  straight  conical  preform  of  0.010 
inch  thick  321  stainless  steel. 


Figure  50.  Courtesy  of  North  American  Aviation,  Inc 


PYLON  FX)R  THE  HOUND  DOG  MISSILE 

These  parts  are  forsted  stai*ting  with  a  drop 
hammered  preform,  shown  at  the  right.  Center 
of  photo  shows  part  explosivel7  bulged  in  the 
split  die.  Completed  parts  are  shown  at  the 
left.  High  Energ7  Forming  of  these  parts  was 
found  to  cost  one-tenth  of  the  cost  of  fiber¬ 
glass  pylons  and  one-fifth  of  the  cost  of  bulge 
forming.  600  of  these  parts  were  produced. 


Figure  51.  Courtesy  of  North  American  Aviation,  Inc 


COMICAL  MISSILE  PART 

This  part  was  axplosirelj  slzsd  and  all  of  ths 
holes  punched  In  a  single  forming  operation. 
The  material  Is  6O6I-T6  aluminum,  one-quarter 
Inch  thick.  A  total  of  24  three-quarter  Inch 
diameter  holes  and  32  one  and  five-eighth  Inch 
diameter  holes  were  punched  in  each  cone  in 
one  shot. 


Figure  52.  Courtesy  of  North  American  Aviation,  Inc 


WATER  SHIELD  FOR  ROCKET  ENGINE  TURBOPUMP 


This  part  is  explosively  bxilged  from  a  straight 
4B  inch  diameter  cylinder  of  321  stainless  steel 
one-sixth  inch  thick. 


Figure  53-  Courtesy  of  North  American  Aviation,  Inc 
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Figures  through  '^6  illustrate  some  of  the  appli¬ 
cations  developed  by  Pratt  &  Wnitney  Aircraft.  Figure  56  illustrates  an¬ 
other  approach  to  sizing  cylindrical  parts  to  the  final  tolerances  required. 
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ATD-340,  NOSE  CONE  I.D.  sizing  development  program.  scheme  T 
"dirdcage"  and  shaped  charge  to  implode  plow  turned  6061 

ALUMINUM  CONES  ON  THE  SIZING  MANDREL. 


X-l 2070 


t 


Figure  56.  Reprinted  by  special  permission  from  PRATT  &  WHITNEY  AIRCRAFT 
DIVISION,  UNITED  AIRCRAFT  CORPORATION 


77 


The  parts  shown  in  Figures  57  through  59  are  ex¬ 
amples  of  the  meuiner  in  which  explosive  forming  can  he  utilized  to  fabri¬ 
cate  complex  configurations.  These  applications  were  developed  by  Ryan 
Aeronautical.  Six  hundred  of  the  parts  shown  in  Figure  59  were  formed 
explosively. 


Figure  57* 

Part  Redesigned  from  129  Details  (Old  Method) 
to  One  Detail  by  Explosive  Forming 


Figure  58, 

Part  Formerly  Made  in  3  Small  Pieces  Now 
Made  in  One  Small  Piece  by  Explosive  Forming 


Figures  57  and  58*  Reprinted  by  special  permission  from  a  paper  by  Floyd 
Cox,  "Explosive  Forming  —  Research  Thru  Development  To  Production  And 
Methods  of  Tooling'',  SP62-03,  presented  at  a  Seminar  of  the  AMERICAN 
SOCIETY  OP  TOOL  AND  MANUFACTURING  ENGINEERS.  C  I961 


This  dome  fits  just  inside  the  entry  end  of  the  jet  engines  used  on  the  Douglas  DC-8  air 
liner.  Made  from  0.040  in.  thick  6061  aluminum,  if  used  to  be  fabricated  from  five 
stampings  that  were  resistance  welded.  Each  dome  cost  $131  vs,  $15  now.  The  job 
is  done  by  rolling  a  cone,  fusion  welding  the  seam,  and  finally  exploding  the  shape  in 
two  stages.  Photo  at  right  shows  the  cone  blank  and  the  die 


Figure  59*  Reprinted  by  special  permission  from  THE  PENTON  PUBLISHING 
COMPANY  from  the  article  ’’Explosive  Forming  Goes  Commercial"  as  pub¬ 
lished  in  the  l4  December  1959  issue  of  STEEL.  C  1959 

The  part  illustrated  in  Figure  6o  was  explosively 
formed  from  a  conical  blank  which  eliminated  the  annealing  operations  re¬ 
quired  by  conventional  forming  methods. 


The  Rene'  41  diffuser  cone  at  left  used  to  take  10  hours  to  complete,  including 
a  series  of  process  annealing  steps.  Now  the  part  is  explosively  formed  from  the 
rolled  and  welded  cone  at  right  in  a  single  blow.  Total  time:  15  minutes 


Figure  60.  Reprinted  by  special  permission  from  THE 
PENTON  PUBLISHING  COMPANY’ from  the  article  "Explosive 
Forming  Goes  Commercial"  as  published  in  the  l4  Decem¬ 
ber  1959  issue  of  STEEL.  C  1959 


The  configurations  shown  in  Figure  6l  proved  dif-  79 
ficult  to  extrude,  so  North  American  Aviation  explosively  bulged  tubes  to 
achieve  the  final  shape. 


Some  Alloys  Resist  Extrusion 


NO  TOLERANCE  PROBLEMS:  For  parts  which  prove  very  difficult  to 
extrude,  due  to  material  or  shape,  explosive  forming  serves  to  advantage. 


Figure  6l.  Reprinted  by  special  permission  from  CHILTON 
COMPANY  from  the  article  ’’Can  Explosive  Forming  Solve 
Your  Design  Problems?"  by  E.  L.  Armstrong  as  published 
in  the  2k  November  i960  issue  of  THE  IRON  AGE.  C  i960 


Figure  62.  This  is  a  Symmetrical 
Part  (a  Furnace  Mandrel)  Vfhich  Is 
Difficult  To  Spin  Because  of  the 
Material  and  the  Very  Close  Tol¬ 
erances  Desired.  It  consists  of 
two  parts,  the  chamber  (upper) 
section  and  the  tail  cone,  each 
of  which  was  formed  from  a  pre¬ 
formed  truncated  cone.  Made  of 
20  CB  stainless  steel  0.115  in. 
thick,  the  part  is  a  braze  man¬ 
drel  used  to  lay  up  individual 
tubes  to  form  a  thrust  chamber. 
Entire  rig  is  then  placed  in  a 
furnace  for  brazing.  Reprinted 
by  special  permission  from  AMER-- 
ICAN  SOCIETY  FOR  METALS  from  the 
article  "How  to  Design  for  Ex¬ 
plosive  Forming"  by  Vernon  H. 
Monteil  as  published  in  the  Aug¬ 
ust  1961  issue  of  METAL  PROGRESS. 

c  1961 
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Recent  Advancements  in  Thrust -Chamber  Fabri¬ 
cation  Make  It  Mandatory  to  Square  the  Ends  of 
the  Tubes  to  Very  Small  Corner  Radii  (Less 
Tnan  0.005  in.).  Stainless  steel  tubes  shown 
in  tnis  photograph  were  squared  and  punched  in 
one  operation.  The  ends  were  severed  with  a 
cut-off  wheel  and  then  squared,  punched  and 
trimmed  simultaneously.  Here,  the  explosive 
tecnni  lues  not  only  result  in  a  well-fomed  tube, 
but  eliminate  a  troublesome  punching  operation 
as  well.  Tnese  holes  are  consistently  the  same 
and  have  no  appreciable  burr.  Material  is  Type 
347  stainless  0.010  in.  thick  and  the  tubes  are 
1/4  in.  square. 

Reprinted  by  special  permission  from  AMERICAN 
SOCIETY  FOR  METALS  from  the  article  "How  to  De¬ 
sign  for  Explosive  Forming"  by  Vernon  H.  Monteil 
as  published  in  the  August  196I  issue  of  METAL 
PROGRESS.  C  1961  - 


Figure  63. 


■Often  in  Making  Thin-Walled  Heat  Treated  Assemr 
blies,  Distortion  Encountered  During  vr^uencning 
Requires  That  the  Part  Be  Formed  or  at  Least 
Sized  After  Punching.  Ordinary  jigs  used  to 
prevent  distortion  during  heat  treatment  are 
often  costly  and  inefficient.  In  this  alum¬ 
inum  part,  a  pylon  access  door,  explosive 
techniques  have  been  utilized  to  complete  the 
forming  of  the  part  in  the  solution-treated 
condition.  Furthermore,  the  parts  produced 
by  this  method  are  so  uniform  that  they  are 
interchangeable.  Tne  alloy  is  606I-T  6 
aluminum,  O.O63  in.  tnick. 

Reprinted  by  special  permission  from  AMERICAN 
SOCpTY  FOR  METALS  from  the  article  "How  to 
Design  for  Explosive  Forming"  by  Vernon  H. 
Monteil  as  published  in  the  August  1^1  issue 
of -METAL  PROGRESS.  C  I96I 


Figure  64. 
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Figure  65  below 
forming  to  achieve  sharper  details  than 
ing  methods. 

Figure  65.  Engine  Exhaust  Transition 
Section  for  FllF  Aircraft.  Standard 
Hydraulic  t'ress  Forming  and  Explosive 
Formed  Sections,  Both  of  '.'025  AISI  321 
Seamless  Stainless  Tubing,  Grumman, 
Bethpage. 

Reprinted  by  special  permission  from  a 
paper  by  Vasil  Philipchuk,  "Explosive 
Forming  Technology  -  Status  of  the 
Art’',  SP63-I72,  presented  at  a  Seminar 
of  the  AMERICAN  SOCIETY  OF  TOOL  AND 
MANUFACTURING  ENGINEERS.  C  I963 


llustrates  the  ability  of  explosive 
ire  obtained  by  conventional  form- 


The  part  shown  in  Figure  66  was  completed  (including 
die  construction  and  design)  in  approximately  three  days  by  National- 
Northern  (presently  Flare-Northern). 

Figure  66.  Hub-shaped  part 
becomes  inner  sleeve  of  after¬ 
burner  OB  a  Jet  engine.  Blank 
is  welded  cylinder  of  0.025- 
in,.  Multimet.  Notice  the 
exceptional  complexity  of 
bends  at  the  bottom. 

Reprinted  by  special  permis¬ 
sion  from  THE  PENTON  PUB¬ 
LISHING  COMPANY  from  the 
article  "Explosives  Blast 
Bottlenecks''  as  published 
in  the  10  November  1956 
issue  of  STEEL.  C  1958 


I 
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Figures  67  and  68  depict  applications  developed 
by  DuPont.  Figure  67  illustrates  the  normal  method  of  sizing  cylindrical 
or  conical  preform  parts.  The  part  shown  in  Figure  68  is  another  exanqple 
of  the  capability  of  explosive  forming  to  shape  difficult  configurations. 


CYLINDRICAL  SHAPES 

with 

SMALL  LINEAR  CHARGE 
"PRIMACORD" 

SIZING  -  MISSLE  MOTOR  CASE 
10"  OIA.  -  .050"  WALL  AMS -6434 


Figure  67.  Courtesy  of  E,  I.  DuPont  de  Nemours  and  Company>  Inc. 


Plui  fegtur*  of  minimum  ipringback  accounts  for  exceptionally  accurate  joggle 
in  this  missile  piece.  Previous  methods  were  unsuccessful 


Figure  68.  Reprinted  by  special  permission  from  THE 
FENTON  PUBLISHING  COMPANY  from  the  article  "Du  Pont 
Reports  on  Explosive  Forming"  as  published  in  the  23 
November  1959  issue  of  STEEL.  C  1959 


Figure  69.  Courtesy  of  General  Dynamics /Fort  Worth 


The  part  shown  on  the  left  side  of  Figure  70  was 
fabricated  from  three  separate  sections  by  welding.  The  material  is 
23ISS  .090"  thick.  General  Dynamlcs/Fort  Worth  was  able  to  produce  this 
part  in  one  piece  by  explosively  forming  a  prefom  to  the  final  configura¬ 
tion  shown  on  the  right. 


Figure  70,  Courtesy  of  General  Dynaraics/Fort  V/orth 
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Figure  71  depicts  a  part  formed  by  Lockheed- 
California  at  Burbank.  Note  the  complex  configuration  and  the  relatively 
fine  detail  achieved. 


Figure  71-  Expanded 
Cone  Shaped  Part  Tail¬ 
pipe  Bellmouth 

Courtesy  of  Lockheed- 
Callfornia  Company. 


Ebq)anded  Cone  Shaped  Part 
Tailpipe  Belijnouth 


Tne  part  snown  in  Figure  72  had  the  edge  rolled  back 
in  the  same  series  of  operations  tnat  brought  the  part  to  its  final  shape. 
The  part  is  made  of  .06"  A266  material. 


Figure  72.  Sketch 
of  the  die,  with 
starting  blank  and 
blast  deflector  in 
place.  S  a  Steel 
K  s  Kirksite 

Courtesy  of  Ryan 
Aeronautical  Company 


The  parts  shown  in  Figures  73  and  7^  were  formed 
by  NASA.  The  first  part  is  constructed  of  1/8"  thick  7039  Aluminum. 


c 

4^ 
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Figurt  7U.  Courtesy  of  NASA  ^larshall  Space  Flight  Center 
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In  summary,  parts  made  from  cylindrical  and  conical 
blanks  are  generally  very  complex.  The  use  of  cylindrical  and  conical 
blanks  is, in  many  cases,  an  attempt  to  overcome  the  limitations  of  either 
flat  blank  forming  or  conventional  forming  methods.  The  illustrations 
presented  here  are  merely  a  representative  sample  of  the  many  parts  which 
have  been  formed  by  this  technique. 

(b)  Flat  Blank  Parts:  One  of  the  highest  volume  of 
explosively- formed  production  parts  is  depicted  in  Figure  75  (25).  Up 
to  eighty  parts  per  day  were  produced  by  the  use  of  the  die  setup  shown 
at  the  bottom  of  this  figure.  A  total  of  12,000  detail  parts  were  pro¬ 
duced.  Each  of  the  3,000  assemblies  of  the  configuration  shown  utilized 
four  of  these  detail  parts. 


Figure  75*  Aii’bornc  radar  reflector  made  from  explosively  formed 
aluminum  details  spot  welded  together  in  final  assembly. 

Foi  ming  die  with  fast  action  draw  ring  clamps  was  developed 
to  produce  hundreds  of  parts  at  rate  production. 


Reprinted  by  special  permission  from  a  .paper  by  IfLoyd  paynter, 
"Practical  Applications  of  Explosive  Forming'  presented  at  a  Seminar  of  the 
AMERICAN  SOCIETY  OF  TOOL  AND  MiANUFACTURING  ENGINEERS,  9  May  1964.  C  1964 
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The  feasibility  of  forming  welded  blanks  for  parts 
which  exceed  standard  mill  sizes  has  been  demonstrated.  The  weld  types 
shown  in  Figure  77  give  a  clue  as  to  the  manner  In  which  parts  of  this 
type  should  be  welded  prior  to  forming. 


A 


B 


C 


D 


High  Residual  Stresses 


Low  Residual  Stresses 


Figure  77  Weld  Configurations  Investigated  for  Explosive-Forming  Response 


Reprinted  by  special  permission  from  MARTIN  MARIETTA  CORPORATION  from  Re¬ 
port  IR-62-6  titled,  "Determination  of  Formability  Limits  for  2014  Alumi¬ 
num  Alloy  When  Explosively  Formed". 
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The  parts  shown  in  Figures  78  through  80  were 
formed  by  North  American  Aviation. 


GORE  PANELS  FOR  SATURN  S-II  BULKHEADS 

These  gore  sections  are  formed  from  flat  sheets  of 
2014  aluminum.  Four  different  types  of  gores  are 
formed  in  one>elghth,  three-sixteenth,  one-quarter, 
and  one-half  inch  thicknesses.  The  smallest  gore 
is  15  feet  long  by  10  feet  wide,  and  the  largest 
gore  is  20  feet  long  by  10  feet  wide.  Over  350  of 
these  gores  have  been  formed  to  date. 


Figure  78.  Courtesy  of  North  American  Aviation,  Inc. 
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WAFFLE  PANEL  FOR  SATURN  S-II  BULKHEADS 

Th6  panols  aro  machined  Trom  2014— T4  aluminum  in 
the  flat  condition  and  then  formed  to  the  config¬ 
uration  shown.  The  panels  are  76  inches  b/  96 
inches  by  one  and  one-half  inches  thick.  Over 
100  of  these  waffles  have  been  formed  to  date. 


Figure  79-  Courtesy  of  North  American  Aviation,  Inc. 


STIFFENER  PANEL  FOR  THE  B-70  BOMBER 


This  beaded  part  Is  formed  in  one  shot  from  a 
flat  sheet  of  0.050  inch  thick  PH  15-7  Mo. 


Figure  60 


Courtesy  of  North  American  Aviation,  Inc 


The  cost  data  associated  with  the  part  shown  in 
Figure  6l  is  listed  in  Table  15.  It  is  estimated  that  the  cost  of 
matched  dies  of  the  same  material  for  a  conventional  press  would  be  ap¬ 
proximately  twice  the  cost  of  the  explosive  forming  die.  As  ceui  be  seen, 
the  cost  of  the  explosive  is  a  minor  part  of  the  total  cost. 


The  purch'ise  of  single  heat  of  aluminum  for 


three  special  skins  .I90  x  I36  x  I36 . .  $1750*00 

250  feet  of  e:<plosive  @  l+.Sj^/ft . .  9*8^ 

12  detonating  caps  @  835^  each .  9*9^ 

Misc.  expense  (wire,  tape,  etc.)  .•••••.••  5»00 

Production  labor  -  hZ  hours  ^  $6.10  •••••••  256*20 

DIE  COST 

Kirksite  -  21,000  lbs.  @  U^/lb . $2310.00 

Labor  to  cast  and  finish  die  -  h85  hours  ©  $6.10  .  $2958.50 
I'^hinir.g  cost  . . $2150.00 


TOTAL  ....  $9y;9.50 


Table  15-  Reprinted  by  special  permission  from  NORTH  A^Q•JRICAN  AVIATION, 
INC.,  from  Report  No,  MEP  8006. 


The  part  illustrated  in  Figure  62  illustrates  the 
use  of  this  technique  to  produce  flanged  parts. 
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The  parts  shovn  in  Figure  83  illustrate  the  usage 
of  scaling  lavs  to  develop  the  full  scale  forming  parameters  on  a  scaled 
down  part. 


Figure  83.  Courtesy  of  Martin  Company 
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The  aluminum  pari  ahown  in  Figure  is  the  engine 
inlet  nose  cone  for  the  727  airyjlanc.  It  was  formed  by  Boeing  at  Wichita. 


Figure  84.  Explosive  Coining  Operation 
produces  smooth- surfaced  cowl  ring  to 
within  0,030  in.  of  specified  size  in 
45-rain,  average  floor- to- floor  time,  using 
steel  "spanking'"  die  with  water  tank. 

Reprinted  by  special  permission  from 
McGRAW-HILL  PUBLISHING  COMPANY,  INC., 
from  the  article  "Explosive  Coining  ol' 
Engine  Cowls'  by  Robert  W.  Lights tone  as 
published  in  the  28  October  1^83  issue  of 
AMERICAN  MACHINIST/METALWORKir«  MAHUFAC- 
TURING.  C  lS/63 


The  wheel  cover  depicted  in  Figure  85  illustrates 
the  fine  detail  which  can  be  achieved  with  the  explosive  forming  method. 


Figure 


’'j- 


I 


11'.'  Mar '.in  Fi)i:,:a:i.' 


The  uyiplItraLiunn  nimvai  in  ;’i;'uiTn  and  were 
developed  by  the  lioeing  Company  of  Seattle,  .va;;nln/M  mi. 


V 
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Fonued  shin  ahcwlng  compound  contour 
Size:  U8  x  inch  0.125  2024-0  aluminum 

Figure  86.  Courtesy  of  Boeing/Seuttle 


[F-  .125-2004-^  .24t3H2fJ6 

ilVlXY  F0(»1D  TO  C(»'FDUrn> 
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Figure  87.  Courtesy  of  Boeing/Seattle 
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Figure  88  depicts  a  part  whicn  had  been  bulge  formed 
and  then  explosively  sized  to  the  final  tolerances  required. 


Explosively  sized  part  after  being  removed  from  die 


Figure  68,  Courtesy  of  Boeing/Seattle 


The  manifold  section  shown  in  Figure  89  was  formed 
by  North  American  Aviation.  Note  the  material. 


Figure  89.  Manifold 
section  about  4-1/2  feet 
in  diameter,  made  from 
Rene '  4l  for  use  on  a 
rocket  engine. 

Reprinted  by  special  per¬ 
mission  from  Industrial 
Press  from  the  November 

i960  issue  of  MACHINERY. 

c  i960 


Figures  90  and  91  illustrate  the  ability  of  ex¬ 
plosives  to  pierce  flat  blank  parts.  The  part  shown  in  Figure  91  was  both 
formed  and  pierced  in  the  same  operation.  This  type  of  application  is 
ideal  for  this  method. 


Figure  90*  Large  sheet  of 
Hastelloy  X  through  which 
a  variety  of  holes  was 
pierced  by  blowing  the 
surrounding  "punches'' 
through  the  sheet. 


Reprinted  by  special  per¬ 
mission  from  THE  INDUS¬ 
TRIAL  PRESS  from  the  ar¬ 
ticle  "Ryan's  Split- 
Second  Explosive  Forming" 
by  Charles  0.  Herb  as 
published  in  the  July  1959 
issue  of  MACHINERY. 

''  1959 


AtD-1918  DIE  insert  and  holder  used  in  development  program 
TO  FORM  AND  PIERCE  .0 1  5  Wa SP A L L 0 Y  SHEET  USING  HIGH  ENERGY 
EXPLOSI VES. 

1 1/24/6 1 


Figure  91*  Reprinted  by  special  permission  from  PRATT  &  WHITNEY  AIRCRAFT 
DIVISION,  UNITED  AIRCRAFT  CORPORATION 
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+  ju  VI  parts  shown  in  Figure  92  represent  a  unique 

solution  to  the  problem  of  forming  honeycomb  sections.  The  Martin  Comnnnv 
has  stated  that  the  explosive  forming  method  has  yielded  eL^e^  rSs 
on  this  type  of  part.  Note  the  thickness  of  the  parts. 


NASA-CR-64-36 


(a)  Cup  Segment 


(b)  Type  I  Upper  Gore 


(c)  Type  II  Lower  Gore 


Face  Plate  - 
Core  -  2.0-in 


0.250-in. -Thick  2014-T6  Aluminum  Alloy 
. -HRP  Phenolic  Honeycomb  Core 


Figure  92.  Courtesy  of  Martin  Company 


Ip5 

The  following  series  of  figures  are  grouped  in 
this  manner  so  as  to  concentrate  the  activity  in  forming  relatively  thick 
parts.  Of  primary  interest  is  the  dimensional  similarity  between  these 
parts  and  the  annor  currently  used  by  the  U,  S.  Amy. 


Figure  93.  ONE  AND  ONE-HALF  INCH  ELLIPTICAL  TANK  END 

This  tank  end  (shown  untrimmed)  was  fomed  from  a 
flat  sheet  of  one  and  one-half  inch  thick  1020  steel. 


Figure  Although  this 

Aluminum  Hatch  Cover  Is 
Small  (24  In.  in  Diameter )> 

It  Represents  a  Type  of 
Forming  Which  Usually  Re¬ 
quires  Large  Equipment. 

With  the  tremendous  forces 
available  in  explosives, 
such  operations  are  quite 
inexpensive  and  feasible. 

This  part  was  made  from 
6o6i-T  6  flat  stock  1-|  in. 
thick. 

Reprinted  by  special  permission  from  AMERICAN  SOCIETY  FOR  METALS  from  the 
article  "How  to  Design  for  Explosive  Forming"  by  Vernon  H.  Monteil  as  pub¬ 
lished  in  the  August  196I  issue  of  METAL  PROGRESS.  C  I96I 
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Figure  95.  Alum¬ 
inum  armor  plate  4 
in.  thick  takes  a 
24  in.  dishing  with 
explosive  forming 
setup.  Hardness 
increases,  too. 

Reprinted  b,y  spe¬ 
cial  permission 
from  THE  PENTON 
PUBLISHING  COMPANY 
from  the  article 
"Machines  Turn 

Violence  Into  Forming  Profits"  as  published  in  the  6  August  1962  issue  of 
STEEL.  C  1962 


Figure  96.  Aluminum  Dome  (4  in.  Thick,  54  in.  in  Diameter)  Explosively 
Formed  From  a  Flat  Blank.  (Weight  is  approximately  1  ton.  ) 
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Flf^e  98.  Elliptical  Dome,  120  in.  in  Diameter  and  1/2  in.  Thick, 
Explosively  Formed  from  l/2-in.  -Thick  Flat  Steel 
Sheet.  (Approximate  weight  is  2  tons.  ) 

Reprinted  by  special  permission  from  Aerojet-General  Corporation  from 
Report  No.  1313-64(01  )ER,  February  1^64.  "NOTICE:  Certain  of  the  processes 
and  apparatus  described  herein  are  patented  by  Aerojet-General  Corporation 
or  are  the  subject  of  pending  applications.  Before  reproducing  or  using 
apparatus,  or  practicing  processes  described,  inquiry  should  be  made  of 
Aerojet-General  Corporation  as  to  whether  the  particular  invention  or  in¬ 
ventions  are  subject  to  royalty- free  use  by  the  Government." 


•  > 
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Formed  tenisphere,  1?  Inch  diameter,  1-1/2  inch  20eU-o  aluminum 


Figure  99.  Courtesy  of  Boeing/Seattle 


Ill 


The  part  shown  in  Figure  101  is  1-1/4"  thick  7075 
aluminum.  It  Is  machined  at  huge  m^erlal  and  time  savings  to  the  con¬ 
figuration  shown  in  Figure  102. 


Figure  101.  Courtesy  of  General  Dynojnics/Fort  Worth 
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The  doDee  shown  in  Figure  103  are  5/6"  thick,  10' 
diameter  2014  aluminum.  Note  the  steel-backed,  epoxy- faced  concrete  die 
In  the  background. 
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(c)  U.  S«  Army  Activity:  Aerojet-General  at  Downey, 
California  has  stated  that  they  have  formed  1-1/2"  thick  5083  aluminum 
and  retained  the  hallistic  characteristics  of  the  material  (4).  They 
also  have  stated  that  they  have  fonaed  shallow-dish  5000  series  aluminum 
parts  which  were  2"  thick.  They  stated  that  200  of  these  parts  may  he 
produced  for  a  classified  military  project  (58).  Interest  in  the  use  of 
this  method  to  form  armor  sections  has  heen  demonstrated  by  the  U.  S. 
Army  Temk-Automotive  Center  as  is  evidenced  by  their 
PEMA  project.  It  is  hoped  that  the  results  of  this  project  will  be 
widely  disseminated  so  that  future  vehicles  will  incorporate  any  adveui- 
tages  which  eurlse  from  this  project. 

The  Ordnance  Division  of  Minneapolis-Honeywell 
conducted  a  study  of  the  manufacturing  methods  which  could  be  used  on 
the  Honest  John,  Lacrosse,  Littlejohn,  and  Sargeant  Missile  Skins.  The 
following  uses  for  explosive  sizing  were  listed  (43): 

Littlejohn,  AAL-LJ  "B"  Section 

Littlejohn,  T54  "B"  Section 
"C"  Section 

Sargeant,  T53  "B"  Section 
"C"  Section 

Honest  John,  XM86  "B"  Section 

Sargeant,  XM9I  "B"  Section 

Cognizance  must  be  taken  of  the  fact  that  these 
applications  were  developed  in  1959*  However,  this  information  does  in¬ 
dicate  the  potentied  application  of  explosive  sizing  to  this  type  of 
part  configuration. 


Figure  104  depicts  a  gas  seal  which  was  formed  by 
Grumman  Aircraft.  Table  16  lists  the  operations  required  by  both  con¬ 
ventional  and  explosive  forming  methods  for  this  part.  It  would  appear 
that  this  application  was  a  fairly  successful  one. 
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GAS  SEAL  FOR  20MM  CANNON 

Finished  Dim*n«ioni:  Length  -  3.583" 

MixO.  D.  -  3.00" 

Min  O.  D.  -  1 . 927 
Thichneo  -  {.  06 S  nominal) 

Meterial:  321  Stainlett  Steel  •  Annealed 


Figure  104.  This  part  was  formed  from 
seamless  tubing  using  a  high  ex¬ 
plosive  and  an  axially  split  steel 
die.  One  operation  was  sufficient 
to  form  the  piece  and  no  vacuum  was 
required. 


Figure  lOii-  and  Table  l6  are  re¬ 
printed  by  special  permission 
from  a  paner  by  Arthur  V.'ickesser, 
Jir.,  "Recent  Developments  in 
Explosive  Forming  at  Grumman 
Aircraft",  No.  229,  (C)  1959, 
presented  at  a  Seminar  of  the 
i^RICAN  SOCIETY  OF  TOOL  AND  MAN¬ 
UFACTURING  ENGINEERS 


Table  l6 


Operation  tttoof  for  Forming  20  MM  Gun  Sool 
Conventioniol  Forming  Explosive  Forming 


1 .  Sow  tubing 

2.  Deburr 

3.  Degreose 

4.  Bulge  (rubber) 

5.  Anneol 

6.  Bulge  (rubber) 

7.  Anneol 

8.  Bulge 

9.  Mochine 

10.  Inspect 


1 .  Sow  tubing 

2.  Dcburr 

3.  Degreose 

4.  Bulge  (explesivo) 

5.  Mochine 

6.  Inspect 


Both  methods  of  forming  require  approx¬ 
imately  the  same  amount  of  setup  time  for 
one  bulge  operation. 


Cannon  bore  evacuators  have  historically  been  a 
source  of  fabrication  problems.  Figures  105  through  108  depict  the  work 
that  has  been  performed  by  various  contractors.  It  should  he  noted  that 
stainless  steel  is  not  an  acceptable  material. 


116 


Figure  105.  Bore  evacuator  chamber  explosively  formed  in  a  closed  die.  Material  is 
.  440  thick  stainless  steel.  Part  is  shown  prior  to  welding  and  machining  operations. 


Reprinted  by  special  permission  from  a  paper  by  Lloyd  ^’aynter, 

■  practical  Apnlications  of  Lx-nlosive  Forming''  presented  at  a  Seminar  of 
the  .AMERICA!!  SOCIETY  OF  TOOL  AifD  mNUFACTURING  ENGINEERS,  9  May  1964.  C  iy64 


EXPLOSIVE  FORMING 
ECCENTRICALLY  BULGED  TUBE 
8740  STEEL  -  3/0  W.  WALL 
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GUN  BARREL  B(«E  EtTACUATOR 

This  part  la  axploslTaly  bulged  from  a 
straight  7  lnol>  diaMtar  x  thraa*algiith 
ineh  wall  tbioknan  ataal  plpa. 


Figure  107.  Courtesy  or  North  American  Aviation,  Inc 
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EXPLOSIVE  FORMING 

WATERVLIET  ARSENAL  DEVELOPMENT  CONTRACTS 


ITKM 


BOURRELiT  DETAIL 
120  MM  HOWITZER 


BORE  EVACUATOR 
105MM  HOWITZER 

(concentric) 


BORE  EVACUATOR 
105  MM  HOWITZER 

(eccentric) 


BORE  EVACUATOR 
155  MM  HOWITZER 


MATERIAL  AND 
WALL  THICKNESS 


4140  STEEL 
.80S  WALL 


CIRCUMFERENTIAL 
EXPANSION  % 


4130  STEEL  66 

321  STAINLESS 
7075  ALUMINUM 
.375  WALL  (all) 


4130  STEEL  (.375)  40 

4140  iTEBL  (.438) 


304  ST.5TEBL  (9O6  )  125 

347  5T.  STEEL  (.875) 


Figure  I08. 


Courtesy  of  Grumman  Aircraft  Engineering  Corporation 
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No  production  procurement  has  arisen  from  any  of 
the  above  work  as  is  pointed  out  in  PEMA  project  submissions.  The  main 
obstacles  are  the  need  for  low  alloy  material  and  the  need  for  dies  which 
will  produce  an  appreciable  quantity  of  these  parts  without  die  growth 
or  breakage.  It  is  felt,  however,  that  the  technology  required  to  over-^ 
come  these  obstacles  does  exist  in  industry. 

Figure  109  depicts  explosively-formed  4ai  3Mn 
Titanium  helmets.  These  helmets  were  fonned  at  120CPF  by  the  use  of 
alluvial  sEuid.  The  contractor  cited  the  following  disadvantages  for  this 
method  (4^): 


Extremely  slow  production  rate. 

Variation  in  thickness  was  considerably  greater 
than  desirable  for  maximxm  ballistic  protection. 


Group  of  completed  helmets. 
Covering  is  a  vinyl  protec¬ 
tive  coating. 


Figure  I09. 


Courtesy  of  Ryan  Aeronautical  Company 


Several  other  explosive  forming  users  have  stated 
that  alternate  methods  may  alleviate  these  difficulties.  If  this  is  true, 
an  answer  to  the  present  heavy  helmets  may  be  at  hand. 

Other  U.  S.  Army  investigations  include  gun  barrel 
lining,  shock  hardening  of  castings,  152mra  bore  evacuator  forming,  the 
blanking  of  machine  gun  barrel  jackets,  and  the  forming  of  baffle  plates 
for  muzzle  brakes. 


In  summary,  it  vrould  appear  that  there  are  U.  S. 
Army  applications  for  this  method  if  the  current  technology  can  be  fully 
utilized  to  overcome  present  problems.  Further  efforts  should  be  directed 
toward  the  solution  of  these  problems  so  that  the  monies  invested  can  be 
effectively  utilized. 

(4)  Other  Explosive  Metalworking;  Explosives  have  been  used 
to  form  screens  without  the  degree  of  distortion  normally  associated  with 
conventional  methods.  Shock  hardening  has  been  achieved  on  some  materials 
which  are  not  heat  treatable.  Plastics  have  been  formed  explosively  (32). 
Some  materials  have  been  welded  (bonded  in  a  cold  state)  by  the  use  of 
explosive  forces.  A  few  researchers  have  succeeded  in  cutting  materlCLls 
with  explosives.  A  considerable  amount  of  effort  has  been  expended  in 
the  compaction  of  metal  powder  with  explosives. 

In  summary,  explosive  methods  have  a  definite  place  in 
both  prototype  and  continuous  production.  It  is  hoped  that  the  illustra¬ 
tions  presented  in  this  section  will  convey  a  definition  of  this  "place" 
to  the  reader, 

4.  Conclusions ;  The  main  conclusions  arising  from  this  review  and 
analysis  are  as  follows: 

a.  Explosive  metalworking  techniques  can  be  definitely  applied 
to  U.  S.  Army  materiel. 

b.  Explosive  forming  has  demonstrated  a  mobilization  capability 
far  beyond  conventional  methods  as  well  as  other  new  or  nonconventional 
methods.  This  is  particularly  true  when  the  part  to  be  formed  is  large; 
such  as,  large  armor  sections. 

c.  The  current  level  of  activity  indicates  that  the  explosive 
forming  method  is  a  useful  production  technique. 

d.  The  production  capability  of  explosive  forming  remains  to 
be  developed  to  its  fullest  extent.  Basic  investigation  of  the  forming 
parameters  and  economical  mechanization  is  required  to  further  develop 
its  production  capability. 

e.  Explosive  forming  application  contract  work  should  be  per¬ 
formed  by  the  firm  which  demonstrates  the  most  successful  experience  in 
the  application  sought.  This  is  due  to  the  present  empirical  nature  of 
the  method. 


f.  Explosive  forming  is  subject  to  limitations  much  the  same  as 
any  other  method.  However,  continuous . progress  is  being  made  in  reducing 
these  limitations. 

5.  Recommendations ; 

a.  The  personnel  of  the  U.  S.  Army  Materiel  Command  should  re¬ 
view  present  and  future  end  item  designs  in  light  of  the  data  presented 
in  this  publication. 

b.  The  U.  S.  Air  Force  is  presently  considering  contracts  which 
will  advance  the  conditions  cited  under  Conclusion  d.  The  personnel  of 
the  U.  S.  Army  Materiel  Command  should  follow  the  progress  of  this  con-  ■ 
tract  and  incorporate  any  developments  therefrom  into  future  design  and 
memufacturing  technology  programs. 

c.  Developments  resulting  from  U.  S.  Army  contracts  should  be 
widely  disseminated  so  that  maximum  utilization  of  these  developments 
(both  favorable  and  unfavorable)  can  be  achieved. 
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